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PREFACE 


Y object in writing this Tract was to collect into a single 
volume those propositions which are employed in the 
course of a rigorous proof of Cauchy’s theorem, together with 
a brief account of some of the applications of the theorem to 


the evaluation of definite integrals. 


My endeavour has been to place the whole theory on a 
definitely arithmetical basis without appealing to geometrical 
intuitions. With that end in view, it seemed necessary to 
include an account of various propositions of Analysis Situs, 
on which depends the proof of the theorem in its most general 
form. In proving these propositions, I have followed the general 
course of a memoir by Ames; indebtedness to it and to the 
textbooks on Analysis by Goursat and by de la Vallée Poussin 
will be obvious to those who are acquainted with those works. 


I must express my gratitude to Mr Hardy for his valuable 
criticisms and advice; my thanks are also due to Mr Littlewood 
and to Mr H. Townshend, B.A., Scholar of Trinity College, for 


their kindness in reading the proofs. 


G..N..W- 


TRINITY COLLEGE, 
February 1914. 
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INTRODUCTION 


1. ‘THRroveHout the tract, wherever it has seemed advisable, for 
the sake of clearness and brevity, to use the language of geometry, 
I have not hesitated to do so; but the reader should convince himself 
that all the arguments employed in Chapters I—IV are really arith- 
metical arguments, and are not based on geometrical intuitions. Thus, 
no use is made of the geometrical conception of an angle; when it is 
necessary to define an angle in Chapter I, a purely analytical definition 
is given, The fundamental theorems of the arithmetical theory of 
limits are assumed. 

A number of obvious theorems are implicitly left to the reader ; 
e.g. that a circle is a ‘simple’ curve (the coordinates of any point on 
2’? +y=1 may be written e=cost, y=sint, 0<t<2z7); that two 
‘simple’ curves with a common end-point, but with no other common 
point, together form one ‘simple’ curve; and several others of a like 


' nature. 


It is to be noted that almost all the difficulties, which arise in those 
problems of Analysis Situs which are discussed in Chapter I, disappear if the 
curves which are employed in the following chapters are restricted to be 


' straight lines or circles. This fact is of some practical importance, since, in 


applications of Cauchy’s Theorem, it is usually possible to employ only straight 
lines and circular ares as contours of integration. 


2. Norarron. If z be a complex number, we shall invariably write 
B= a+ ty, 
where w and y are real; with this definition of # and y, we write’ 
x=R(), y=I(2). 

If a complex number be denoted by 2 with some suffix, its real and 
imaginary parts will be denoted by x and y, respectively, with the same 
suffix ; e.g. 

Zn = Un + Yn; 
1 The symbols R and I are read ‘real part of’ and ‘imaginary part of’ 
respectively. 
Ww. C. 1. 1 
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further, if £ be a complex number, we write 
RQO=§ L(=n. 


Derinitions. Point. A ‘point’ is a value of the complex variable, 
z; it is therefore determined by a complex number, z, or by two 
real numbers (a, y). It is represented geometrically by means of the 
Argand diagram. 

Variation and Limited Variation’. If f(x) be a function of a 
real variable x defined when a<a<b and if numbers 2, 2, ... @ be 
chosen such that a <a, <a... <@, <6, then the sum 


| f(a.) F(a) | +| Fe) —F (@) | + | F(@s) —F (@2) | + -- + | FO) —F (a) | 
is called the variation of f(a) for the set of values a, 2,, 2, ..- Lny b. 
If for every choice of 2, a2, ... 2,, the variation is always less than 
some finite number A (independent of 7), f(z) is said to have limited 
variation in the interval a to b; and the upper limit of the variation 
is called the total variation in the interval. 


[The notion of the variation of f() in an interval @ to 6 is very much 
more fundamental than that of the length of the curve y=/() ; and through- 
out the tract propositions will be proved by making use of the notion of 
variation and not of the notion of length. ] 


2 Jordan, Cours d’Analyse, $$ 105 et seq. 
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CHAPTER I 


ANALYSIS SITUS 


§ 3. Problems of Analysis situs to be discussed.—§ 4. Definitions,—§ 5. Pro 
perties of continua.—§ 6. Theorems concerning the order of a point. 
—§ 7. Main theorem ; a regular closed curve has an interior and an 
exterior.—§ 8. Miscellaneous theorems ; definitions of counterclockwise 
and orientation. 


3. The object of the present chapter is to give formal analytical 
proofs of various theorems of which simple cases seem more or less 
obvious from geometrical considerations. It is convenient to summarise, 
for purposes of reference, the general course of the theorems which 
will be proved: 


A sinuple curve is determined by the equations c=. (¢),y=y(t) (where ¢ varies 
from ¢) to 7’), the functions x (¢), y (¢) being continuous ; and the curve has 
no double points save (possibly) its end points ; if these coincide, the curve is 
said to be closed. The order of a point Q with respect to a closed curve is 
defined to be 2, where 277 is the amount by which the angle between QP and 
Oz increases as P describes the curve once. It is then shewn that points in 
the plane, not on the curve, can be divided into two sets ; points of the first 
set have order +1 with respect to the curve, points of the second set have 
order zero ; the first set is called the interior of the curve, and the second the 
exterior. It is shewn that every simple curve joining an interior point to an 
exterior point must meet the given curve, but that simple curves can be 
drawn, joining any two interior points (or exterior points), which have no 
point in common with the given curve. It is, of course, not obvious that a 
closed curve (defined as a curve with coincident end points) divides the plane 
into two regions possessing these properties. 

It is then possible to distinguish the direction in which P describes the 
curve (viz. counterclockwise or clockwise); the criterion which determines 
the direction is the sign of the order of an interior point. 

The investigation just summarised is that due to Ames!; the analysis 
which will be given follows his memoir closely. Other proofs that a closed curve 


1 Ames, American Journal of Mathematics, Vol. xxvrt. (1905), pp. 343-380. 
1—2 
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possesses an interior and an exterior have been given by J ordan?, Schoenflies*, 
Bliss4, and de la Vallée Poussin®. It has been pointed out that Jordan’s 
proof is incomplete, as it assumes that the theorem is true for closed 
polygons ; the other pr oofs mentioned are of less fundamental character than 


that of Ames. 


4. Derinitions. <A simple curve joining two points z and Z is 
defined as follows: 


Let® w=a(t), y=y(?), 
where a(t), y(¢) are continuous one-valued functions of a real para- 
meter ¢ for all values of ¢ such that’ t, <¢< 7; the functions 2 (¢), y (¢) 
are such that they do not assume the same pair of values for any two 
different values of ¢ in the range ¢,<¢< 7’; and 


H=xe2b)t+yh), B2Zae(T)+y (7). 


Then we say that the i of points (x, y), determined by the set of 
values of ¢ for which ¢ <¢< 7, is a simple curve joining the points 2 
and Z. If z=Z, the coe curve is said to be closed®. 

To render the notation as simple as possible, if the parameter of 
any particular point on the curve be called ¢ with some suffix, the 
complex coordinate of that point will always be called z with the same 
suffix; thus, if 

Se Bigs eal bb 


we write ° 2A) = a (E() + ty (E) = aw) + dy, 


Regular curves. A simple curve is said to be regular®, if it can be 
divided into a finite number of parts, say at the points whose para- 
meters are ¢,, t,...tm Where f<t,<t,<...<ta< TZ, such that when 


2 Jordan, Cours d’ Analyse (1893), Vol. 1. §§ 96-103. 

5 Schoenflies, Géttingen Nachrichten, Math.-Phys. K1. (1896), p. 79. 
4 Bliss, American Bulletin, Vol. x. (1904), p. 398. 

> de la Vallée Poussin, Cours d’ Analyse (1914), Vol. 1. §§ 342-344. 


6 The use of 2, y in two senses, as coordinates and as functional symbols, 


simplifies the notation. 


7 We can always choose such a parameter, t, that ty < 7’; for if this neque 


were not satisfied, we should put ¢ = —t’ and work with the oar t's ; 
8 The word ‘closed’ except in the phrase ‘ closed curve’ is used in a different 
sense; a closed ‘set of points is a set which contains all the limiting points of the 
set; a.1 open set is a set which is not a closed set. ‘ ‘ 
® We do not follow Ames in assuming that 2 (t), y (2) possess Joriateves with 
regard to t. ae. ag 
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tr, <t<t,, the relation between 2 andy given by the equations 
w=a(t), y=y(t) is equivalent to an equation y=/(a) or else 
x=(y), where f or # denotes a continuous one-valued function of its 
argument, and 7 takes in turn the values 1, 2, ... m+1, while ¢,.4, = 7. 

It is easy to see that a chain of a finite number of curves, given by the 
equations 


Y=fi(*), UK dy 
z=fo(y), be <y <bz Ly. (A) 
y¥=fs (2), a3 ULL A4 

(where 6,=/ (a2), @=f2(b3), ... and fA, fy, ... are continuous one-valued 


functions of their arguments), forms a simple curve, if the chain has no 
double points ; for we may choose a parameter ¢, such that 


T=t,, J=f,,. %<t<as; 
L=fo(by-Ag+t), y=b,-a,tt, ag<t<a,g—b,+b,; 


t=att, y=fs(att), a3-—a<t<gay—a a=a,—A,+b,—b,; 
rrr ro ert er Seen Asoc ever cecatececs 


If some of the inequalities in equations (A) be reversed, it is possible to shew 
in the same manner that the chain forms a simple curve. 


Elementary curves. Each of the two curves whose equations are 
Gi) y=/(2), (@ <a <a) and (ii) z= o(y), (w<Sy<y), where f and ¢ 
denote one-valued continuous functions of their respective a 
is called an elementary curve. 

Primitive period. In the case of a closed simple curve let 
w= T-—t,; we define the functions #(¢), y (¢) for all real values of ¢ 
by the relations 

a(t+nw)=ax(t), y(¢+nw) =y(b), 
where n is any integer; o is called the primitive period of the pair of 


functions z(t), y(¢). 
Angles. If z, z, be the complex coordinates of two distinct points 


P,, P;, we say that ‘P,P, makes an angle 6 with the axis of a’ if 6 


satisfies both the equations’ 
cos0=x(a,-a%), sind=«x(y,-%), 


where « is the positive number {(a,—%)?+(y:—y)"}~ 2. This pair of 
equations has an infinite number of solutions such that if 6, 6’ be any 


10 Jt is supposed that the sine and cosine are defined by the method iriicated 
by Bromwich, Theory of Infinite Series, § 60, (2); it is easy to deduce’ the statements 
made concerning the solutions of the two equations in question. 
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two different solutions, then (6’—6)/27 is an integer, positive or 
negative. 

Order of a point. let a regular closed curve be defined by the 
equations a=a(t), y=y(t), (t<t< 7) and let » be the primitive 
period of a(t), y(t). Let Q be a point not on the curve and let P 
be the point on the curve whose parameter is ¢. Let 6(¢) be the 
angle which QP makes with the axis of 2; since every branch of 
arc cos {x (a,—2,)} and of arcsin {«(%—y,)} is a continuous function 
of ¢, it is possible to choose @(t) so that 6 (¢) is a continuous function 
of ¢ reducing to a definite number 4(¢,) when ¢ equals %. The 
points represented by the parameters ¢ and ¢+ are the same, and 
hence 6(t¢), 6(¢+) are two of the values of the angle which QP 
makes with the axis of # ; therefore 


6 (¢+w) —8 (t) = 2nz, 


where n is an integer ; 2 is called the order of @ with respect to the 
curve. ‘To shew that m depends only on @ and not on the particular 
point, P, taken on the curve, let ¢ vary continuously ; then (4), 6(¢+) 
vary continuously; but since ” is an integer 2 can only vary per saltus. 
Hence x is constant”. 


5. Continua. A two-dimensional continuum is a set of points 
such that (i) if z be the complex coordinate of any point of the set, 
‘a positive number 6 can be found such that all points whose complex 
coordinates satisfy the condition |z—2,|<96 belong to the set; 6 is a 
number depending on 2%, (ii) any two points of the set can be joined 
by a simple curve such that all points of it belong to the set. 


Example. The points such that |z| <1 form a continuum. 


“This argument really assumes what is known as Goursat’s lemma (see § 12) 
for functions of a real variable. It is proved by Bromwich, Theory of Infinite 
Series, p. 394, example 18, that if an interval has the property that round every 
point P of the interval we can mark off a sub-interval such that a certain inequality 
denoted by {Q, P} is satisfied for every point Q of the sub-interval, then we can 
divide the whole interval into a finite number of closed parts such that each part 
contains at least one point P; such that the inequality {@Q, P,} is satisfied for all 
points @ of the part in which P, lies. 

In the case under consideration, we have a function, ¢(t) = 6 (t+) — 6 (t), 
of t, which is given continuous; the inequality is therefore | ¢(t) — $(t') | <«, 
where ¢ is an arbitrary positive number; by the lemma, taking ¢ < 27, we can 
divide the range of values of ¢ into a finite number of parts in each of which 
|? (t) — #(t) | < 2m and is therefore zero; ¢(t) is therefore constant throughout 
each part and is therefore constant throughout the sub-interval. 
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; Neighbourhood, Near. If a point £ be connected with a set of 
points in such a way that a sequence (z,), consisting of points of the 
set, can be chosen such that ¢ is a limiting point of the sequence, then 
the point ¢ is said to have points of the set in its neighbourhood. 

The statement ‘all points sufficiently near a point £ have a certain 
property’ means that a positive number / exists such that all points z 
satisfying the inequality | —{|<h have the property. 


Boundaries, Interior and Exterior Points. Any point of a con- 
tinuum is called an interior point. A point is said to be a boundary 
point if it is not a point of the continuum, but has points of the 
continuum in its neighbourhood. 


A point 2), such that |z|=1, is a boundary point of the continuum de- 
fined by |2| <1. 


A point which is not an interior point or a boundary point is called 
an exterior point. 


[If (z,) be a sequence of points belonging to a continuum, then, if this 
sequence has a limiting point ¢ the point ¢ is either an interior point ora 
boundary point; for, even if ¢ is not an interior point, it has points of 
the continuum in its neighbourhood, viz. points of the sequence, and is there- 
fore a boundary point. 

All points sufficiently near an exterior point are exterior points ; for let 2 
be an exterior point; then, if xo positive number / exists such that all points 
satisfying the inequality |z—z)|<4 are exterior points, it is possible to find a 
sequence (¢,) such that ¢, is an interior point or a boundary point and 
l\{n—2|<2-"; and, whether ¢, is an interior point or a boundary point, it is 
possible to find an interior point ¢,/ such that | ¢y’-—¢,|<27"; so that 
l Cn’ — 2 |<2!-”, and % is the limiting point of the sequence ¢,/; therefore 2 is 
an interior point or a boundary point; this is contrary to hypothesis; there- 
fore, corresponding to any particular point z), a number / exists. The theorem 
is therefore proved. 


A continuum is called an” open region, a continuum with its 
boundary is a closed region. 
Example, Let S be a set of points z (=x+4y) defined by the relations 
By My YH=F BAL caseroccarsoesccensecaaracs (1), 


where f is one-valued and continuous, r takes all values such that O<r< hk, and 
k ts constant. Then the set of points S forms a continuum. 


12 See note 8 on p. 4. 
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Let 2 be any point of S, so that 
lye Lay yY =f) +e,* where 0 =F = hs, 


y=fla) +k 


eit) 


Hy 


Choose « > 0, so that 


De SF BA De: cence ssn sannudapeeteote etemanige (2). 
Since f is continuous we may choose 6 > 0, so that 
a C2 Neca ak C28) Neeeg acme eee cern gsoctccces (2a), 
when |w—.'| <6. It is convenient to take 6 so small that 
Bg OK ES OF — Orcacasateacensaesseeets sauigotes +o0(3)- 


Then 2 < # <x, since |4—-w |<. 


Also, when | #—.2"'| < 8, 


fle)—e< fle) <f(e)+e...... ousc caceeaneeceamnnee (3a), 

so that if y be any number such that 
Of CA Of Ae 55. shiva cus cnos seuenen desiree eee (4), 
then Ff (Ge € <P (Ve Fe os. ccetcetee eee (4a). 


Adding (2), (8a) and (4a), we see that 
F(®) << y < f(a) +k 


Therefore the point z=a#+7y, chosen in this manner, is a point of the set S. 
Hence, if §’ be the smaller of § and e, and if 


|z-7| <6, 
the conditions (2a) and (4) are both satisfied, and hence z is a member of the 
set. The first condition for a continuum is, consequently, satisfied. 
Further, the points 7, 2’ (for which x <7”), belonging to S, can be joined 
by the simple curve made up of the two curves defined by the relations 
@ 2=a, Y’sysytri-r) | 
Gi) y=f(x)+r", (a <a" or we" <a). 
Hence S is a continuum. 
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6. Lemma. Any limiting point Q of a set of points on a simple curve 
lies on the curve. 


Take any sequence of the set which has Q as its unique limiting point ; 
let the parameters of the points of the sequence be ¢,, ¢,.... “Then the 
Sequence (7,) has at least one limit 7, and 4.<r< 7. Since 2(d), y(t) are 
continuous functions, lim x (¢,)=#(r), lim y (¢,)=y(r); and (a (r), y (r)) is on 
the curve since t) <r < 7’; i.e. Q is on the curve. 

Corollary. If Q be a fixed point not on the curve, the distance of Q) from 
points on the curve has a positive lower limit §. For if § did not exist we 
could find a sequence (P,) of points on the curve such that Q) Pns1<$QoPn, 
so that Q) would be a limiting point of the sequence and would therefore lie 
on the curve. 

TuHEorEM I. Jf a point is of order n with respect to a closed simple 
curve, all points sufficiently near it are of order n. 

Let Q, be a point not on the curve and Q, any other point. 
Then the distance of points on the curve from Q, has a positive lower 
limit, 6; so that, if QQ, < $8, the line Q, Q, cannot meet the curve. 

Let ¢ be the parameter of any point, P, on the given curve, and r 
the parameter of a point, Q, on Q,Q,, and 6(¢, r) the angle QP makes 
with the axis of 2; then 6 (¢,7) is a continuous function of 7, when ¢ is 
fixed; therefore 

6(t+w,7)-O(E, T) 
is a continuous function“ of +; but the order of a point (being an 
integer) can only vary per saltus; therefore 6(¢+,7)—O(¢,7) 1s a 
constant, so far as variations of 7 are concerned ; therefore the orders 
of @, Q, are the same. 

The above argument has obviously proved the following more 
general theorem: 

TuEorEM II. Jf two points Q,, Q: can be joined by a simple curve 
_ having no point in common with a given closed simple curve, the orders 
of Qo, Q, with regard to the closed curve are the same. 

The following theorem is now evident : 

TurorEM III. Jf two points Qo, Q1 have different orders with 
regard to a given closed simple curve, every simple curve joining them 
has at least one point in common with the given closed curve. 

THEOREM IV. Within an arbitrarily small distance of any point, Po, 
of a regular closed curve, there are two points whose orders differ by unity. 

The curve consists of a finite number of parts, each of which can be 


13 Young, Sets of Points, pp. 18, 19. 14 See note 11 on p. 6. 
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represented either by an equation of the form y= J (2) or else by one 
of the form 2=/(y), where / is single-valued and continuous. First, 
let P, be not an end point of one of these parts. 

Let the part on which P, lies be represented by an equation of the 
form y= f(x); if the equation be a=/(y), the proof is similar. 


B, 


The lower limit of the distance of P, from any other part of the 
curve” is, say, 7, where 7 > 0. 

Hence if 0<7 <7, a circle of radius 7, centre P,, contains no 
point of the complete curve except points on the curve y=/(x); and 
the curve y=, (a) meets the ordinate of P, in no point except P). 

Let B be the point (a, y+ 7), B, the point (a, y— 7). 

If P be any point of the curve whose parameter is ¢ and if 6 (4), 6, (¢) 
be the angles which BP, B,P make with the w axis, it is easily verified 
that if BP =p, BP =p, and $= @ (t) —4, (0), 

sin Pa PA) ~ gg go 
PPi PP 
If w be the period of the pair of functions 2 (¢), y (4) and if 8 be so 


small that the distances from P, of the points whose parameters are 
t+ are less than r, then”, if x (¢, + 8)> x(¢,), 


(to) = (2m + 1)7, $ (ty + 8)> (2m +1)z, 
$ (t) + w — 8) < (2m, +1),  (f) + w) =(2ny +1)z. 


© If a positive number 1; did not exist, by the corollary of the Lemma, P, 
would coincide with a point on the remainder of the curve ; i.e. the complete curve 
would have a double point, and would not be a simple curve. 

16 If x (to +5) < a (to), the inequalities involving ¢ have to be reversed. 


eee} 


6] ANALYSIS SITUS 11 


But when #,<¢<t,+, sin ¢ vanishes only when w—.2,=0, and 
then cos ¢ is positive since (#— a)? +(y—y)?> 9. 

Hence ¢+(2n+1)7 when t)<t<t+; therefore since (#) is a 
continuous function of ¢, n.—2,=0or+1. But 2+; for if m, =n, 
then ¢ (+8) > (2m, +1), $(t)+o—8)<(2n,+1)7 and ¢(#) would 
equal (2, + 1) for some value of ¢ between f+ 8 and t,+o—6. 

Therefore n,— ,=+1, and consequently 

19 (to + w) —6 (t0)} — {9 (to + ©) — A (to)} = (to + &) — $ (fo) = 4 27, 
that is to say the orders of B, B, differ by unity. 

The theorem is therefore proved, except for end points of the curve. 

If P, be an end point, a point P, of the curve (not an end point) 
can be found such that P,P, is arbitrarily small; then P,B <P) P, 
since P, B <r, < P,P,, and therefore P,B <2P,P,, so that P,B, and 
similarly P, B,, are arbitrarily small; since the orders of B, B, differ 
by unity the theorem is proved. 


THEOREM V. (i) Lf two continua C,, C, have a point Q in common, 
the set of points, S, formed by the two continua is one continuum ; and 
(ii) if the two-continua C,, C, have no point in common, but if all points 
sufficiently near any point, the end points excepted, of the elementary 
curve y=f(x), (t <x <x), belong to C, or to C,, or to the curve, the 
points sufficiently near and above” the curve belonging to C, and those 
sufficiently near and below it to C,, then the set of points S consisting 
of O,, C, and the curve (the end points excepted) is one continuum. 

(i) Let P be any point of S; if P belong to, say, C, all points 
sufficiently near P belong to C, and therefore to S. Hence S satisfies 
the first condition for a continuum. Again if P, P’ be any two points 
of S, if P, P’ belong both to C, or both to C,, they can be joined by 


_a Simple curve lying wholly in C; or C,, i.e. wholly in S. If P belong 


to ©, and P’ to C,, each can be joined to Q by a simple curve lying 
wholly in S. If the curves PQ, P’Q have no point in common, save 
Q, PQP’ is a simple curve lying in S. If PQ, P’@ have a point in 
common other than Q, let PQ, be an arc of PQ such that Q, lies on 
P’@ but no other point of PQ, lies on P’Q. 

[The point Q, exists; for a set of points common to both curves exists ; 
let 7 be the lower boundary?§ of the parameters of the set, regarded as points 
on PQ; by the lemma given above, the point Q with parameter 7 is on both 
curves, and satisfies the necessary condition.] 

17 The terms ‘above’ and ‘below’ are conventional: (x, y) is above (x, y’) 
ae yf = Y/'- 

18 The lower boundary exists. Hobson, Functions of a Real Variable, p. 58. 
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Then PQ,, Q,P’ are simple curves with no point in common save Q,- 

Hence PQ,P’ is a simple curve lying wholly in S. In either case, S 
j . . . Y . . 

satisfies the second condition for a.continuum. Hence Sis a continuum. 


(ii) Let the curve be AB; draw CED parallel to Oy through any 
point # of AB (the end points excepted). If C and D be sufficiently 
near to AB, C belongs to C, and D to C,. 

Then all points sufficiently near any point of C, or of C, belong 
to S; and all points sufficiently near any point of AB (the end points 
excepted) belong to S. Hence S satisfies the first condition for a con- 
tinuum. 

Let P, P’ belong to S. Then either™ (a) P, P’ both belong to C, 
or to O,; (6) P belongs to C,, P’ to C,; (c) P belongs to C,, P’ to 
AB; (d) P, P’ both belong to AB. 

In cases (a) and (d), PP’ can obviously be joined by a simple 
curve lying wholly in 8. In case (b), simple curves PC, CD, DP’ can 
be drawn lying in S, and a simple curve can be drawn joining PP’. 
In case (c), simple curves PC, CE, EP’ (the last being an are of AB) 
can be drawn lying in S, and a simple curve can be drawn joining 
PP’. Hence S always satisfies the second condition for a continuum. 
Therefore S is a continuum. s 


THEoREM VI. Given a continuum R and an elementary curve AB, 
then: (a) If R contain all points of the curve eacept possibly its end 
points, which may lie on the boundary of R, the set, R-, of points of R 
which do not lie on AB form, at most, two continua. 

(b) If one or both end points lie in R, R- is one continuum. 


(a) Let the equation of AB be y=/(x). Through any point of 
AB (not an end point) draw a line CD, parallel to Oy, bisected at the 


'° There are several other cases which are obviously equivalent to one of these ; 
e.g. P belongs to Co, P’ to AB. 
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point on AB, and lying wholly in R; choose C, D so that the ordinate 
of C is greater than the ordinate of D. 

Then #- satisfies the first condition for a continuum (for if z be a 
point of #- we can choose 8 so that all points satisfying | z— z, | <8 
belong to #, and since x is not on AB, we can choose 8’ smaller still if 
necessary, so that no point, z, of AB satisfies | z—z, | <8’). Also R- 
satisfies the second condition unless a point P of R~ exists which 
cannot be joined to D by a simple curve lying wholly in R-. For if there 
is no such point, then if P, P’ be any two points of R-, they can each 
be joined to D by a simple curve ; if these two curves do not intersect 
except at D, PDP’ is a simple curve ; if the two curves do intersect, 
let Q be the first point of intersection arrived at by a point which 
describes the curve PD. Then PQ, QP’ are two simple curves with 
no point in common except Q, so that P@P’ is a simple curve lying 
wholly in R-; hence R- satisfies the second condition for a con- 
tinuum. 

Otherwise, join P to D by a simple curve lying wholly in 2; then 
this curve has at least one point not in #- ; 1.e. it has at least one 
point in common with AB. 

Let £ be the first point on AB which is reached by a point 
describing the curve PD ; so that P# has no point on AB except F. 


ae an arc A’B’ of AB, which contains # but not A or B. 
Construct two continua N+ and N- above and below A’B’ respectively 
as in the example of § 5, each continuum lying wholly in 2. Then 
N*, N- and the curve A’B’ with the end points omitted obviously 
aah one continuum, so that if a point /’ be taken on HP sufficiently 
near &, it will lie on N+ or N~ ; for # cannot lie on A’B’. Suppose 
that../ lies in N~ ; choose a. Sa G on CD lying in N” ; then FG 
can be joined by a simple curve lying in NV. Now PF, FG, GD are 
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three simple curves lying in Vt and NV ; and hence a simple curve 
PFGD can be drawn lying in N+ or N~ ; i.e. PD has been joined by 
a simple curve lying in R- ; but this is impossible. Hence / must lie 
in N*: and then it can ‘ie shewn by similar reasoning that P can 
be joined to © by a simple curve lying wholly in £-. 

Hence the points of #~ can be divided into two sets : 


(i) The points which cannot be joined to D by a simple curve 
lying wholly in R- ; these points can be joined to C by a simple curve 
lying wholly in R-. 

(ii) The points of A~ which can be joined to D by a simple 
curve lying wholly in &-. 

Each of these sets is easily seen to satisfy both the conditions for a 
continuum. Hence the points of R~ form at most two continua. 


(b) If B lies in R, a line BB, may be drawn parallel to Ow lying 
wholly in R. Then by (a) the points of # not on ABB, form at most 
two continua; if they form only one continuum, the theorem is 
granted ; for this continuum with the points on BB, (B excepted) 
forms one continuum ; if they form two continua”, these two continua 
with the boundary points BB, (B excepted) form one continuum by 
Theorem V. 


7. THe main THEoREM. The points of the plane not on a given 
regular closed curve form two continua of which the entire curve is the 
complete boundary. 


Within an arbitrarily small distance of any point of the curve 
there are two points of different orders with regard to the curve, by 
Theorem IV of § 6. Hence by Theorem III of § 6, the points of the 
plane not on the curve form a¢ east two continua. Divide the curve 
into a finite number of elementary curves and take these in the order 
in which they occur on the curve as ¢ increases from ¢ to 7’; then by 
the second part of Theorem VI of § 6 each of these elementary curves, 
except the last, does not divide the region consisting of the plane less 
the points of the elementary curves already taken; the last divides 
the plane into at most two continua, by the first part of Theorem VI 
of $6. Hence there are exactly two continua ; and the points of these 
two continua are of different orders with regard to the curve. 

°° It is easily seen that if there are two continua the points of one of them, 


which are sufficiently near BB,, are above BB,, while the points of the other, which 
are sufficiently near BB), are below BB,. 


oy) has 
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Any point of the curve is a boundary point of either continuum, 
by Theorems III and IV of §6; and any point not on the curve is a 
point of one continuum by Theorem I of § 6, and is therefore not 
a boundary point. 


8. TuEoreM I. All sufficiently distant points are of order zero 
with regard to a given regular closed curve. 


Let P (a, y) be any point on the curve, and P, (a, y,) be any other. 
point ; the angle which PP, makes with the axis of @ is given by 

cos 6=«(a—a), sind=x(y—y,), 
where x ={(a@ — a)? + (y—my)*} 73. 

If z,°+y, be sufficiently large, either | z,| or | y,| must be so large 
that either cos @ or sin @ never vanishes; hence the change in 9 as P 
goes round the curve cannot be numerically so great as 7; but this 
change is 2m7 where n is an integer and is the order of P,; hence n=0. 

That continuum which contains these sufficiently distant points 
is called the exterior of the curve ; the other continuum is called the 
interior. 

Since the order of any point of the interior of a regular closed 
curve differs from the order of any point of the exterior by unity, the 
order of any point of the interior is +1. If the order of any point of 
the interior is + 1, we say that the point (w# (¢), y (¢)) ‘describes the 
curve in the counterclockwise direction as ¢ increases from f¢, to 7.’ 

If the order be — 1, we say that the point describes the curve in the 
clockwise direction. 

Let ¢’=—t,; and let 6’(¢’) be the angle that AP makes with the 
axis of z, A being a point of the interior and P being the point whose 
parameter is ¢ or ?’. 

Then 0’ (¢’) — 6 (¢) =2mr, and, if we take 6’(¢’) to vary continuously 
as ¢ varies continuously, m is constant, since m can only vary per 
saltus. Consequently 


6’ (— T+) -6' (—T) =— {6 (t) + w) — (t,)}. 


Therefore the order of the interior point when ¢’ is the parameter 1 is 
minus the order of the point when ¢ is the parameter. 


Derinition. Oriented curves, Orientation. Let P, S be the end 
points of a simple curve. Let one of them, say P, be called the first 
point. If Q, R& be two other points on the curve @ is said to be 
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before Rif tp <tg <tr or iftp>tg>te. The points of the curve have 


thus been ordered2. Such an ordered set of points PS is called an- 


oriented curve ; it differs from the oriented curve SP in which S is the 
first point. 

Two oriented curves C,, C, with a common arc o have the same 
orientation if the points of o are in the same order whether o is 
regarded as belonging to C, or to Q,. If the points are not in the 
same order, the curves have opposite orientations. 

It is easy to see that if P, Q, R be three points on a regular closed 
curve, the curves PQRP, PRQP have opposite orientations. 

We agree to choose the parameter of an oriented curve so that the 
first point has the smallest parameter. This can be done by taking a 
new parameter ¢’ =— ¢, if necessary. 

It is convenient always to choose that orientation of a closed curve 
which makes the order of interior points +1; that is to say that an 
oriented closed curve is such that a point describes it counterclockwise 
as ¢ increases from f, to f+. 


THEorEM II”, Let two continua R,, R, be the interiors of two 
regular closed curves C,, C, respectively. Let a segment o, of C, 
coincide with a segment oz of Cr; then (i) if Ry, Ry have no point in 
common the orientations of 01, 7, are opposite; and (ii) if R, be wholly 
interior® to R., the orientations of o,, 72 are the same. 


(i) If the orientations of o, and o, are the same, by Theorem IV 
of § 6 it follows that arbitrarily near any point P, of o, and o, (not an 
end point) there are two points B, B’ such that the order of B with 
regard to either C, or C, exceeds that of B’ by unity; so that Bis an 


interior point of both curves which is impossible. Hence the orienta- 


tion of o, is opposite to that of o,. 


(ii) If the orientations of o,, o, are different, we can find 
points B, B’ arbitrarily near any point P, of o, and o, such that 
(a) the order of B’ with regard to C, exceeds that of B by +1, () the 
order of B with regard to C, exceeds that of B’ by +1. Consequently 


B is a point of A, but not of R,; this is impossible. Hence the 


orientations of o,, o, are the same. 


*! Hobson, Functions of a Real Variable, § 122. 
* Ames points out that Goursat tacitly assumes this theorem. 
*3 Le. if every point of R, is a point of Ro. 
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CHAPTER II 


COMPLEX INTEGRATION 


§ 9. The integral of a function of a real variable; extension to complex 
variables ; restriction. of the path of integration—§ 10. Definition of a 
complex integral.—§ 11. Existence theorems.—§ 12. Goursat’s lemma. 
—§ 13. Various simple theorems. 


9. The integral’ of a continuous function, f(a), of a real 
variable x, is defined by means of the limit of a sum in the following 
Manner : 

Divide an interval a to b (a <b) into 2* equal parts and let y, be the 7th 
part. Let H,, h, be the upper and lower limits of f(x) in y,}; let 
b-a | Oke 0a 

gn ? ae OW a 


n 
Ses Pe Ee 
r=1 


Then (S,,) is a non-increasing sequence and (s,) is a non-decreasing sequence, 
and §,,>8,; consequently S,, s, have finite limits as n-»o ; and if f(z) is 
continuous it can be proved that these two limits are the same; the common 
value of these two limits is called the integral of f(x) taken between the 
end-values or limits @ and b, and is written 


[fo dz. 


Further, it can be shewn that if ¢ is arbitrary, a number 6 can be found such 
that if the interval a to b be divided into any sub-intervals 7,, 72, ... nv each 
less than 8, and if z, be any point in the rth interval, then 


‘i : f (2) dir = my f (a) | <e. 


When we study the theory of functions of complex variables, we 
naturally enquire whether it is not possible to generalise this definition ; 
for the interval a to b may be regarded as a segment of a particular 
curve in the Argand diagram, namely the real axis. 


1 Bromwich’s Theory of Infinite Series (1908), §§ 157-163, should be consulted ; 
the analysis given above is quoted from § 163. 
w. C. I. ) 


18 COMPLEX INTEGRATION [cH. IL 


This suggests that we should define the integral of a continuous 
function, f(z), of the complex variable z, taken along a curvilinear 
path AB in the Argand diagram by the natural extension of the above 
definition, namely that the integral of f(z), taken between the limits 
2% and Z, is the number S (if that number exist) such that it is possible 
to make 


S— 3 Grn- =) SG) 


less than an arbitrary positive number e by taking v points ~, ay 20+ By 
in order on the curve A B (2,4; being interpreted as meaning Z) in any 
way such that 


| Sri — Sr | <6 for r=0, 1, 2,..-¥, 


8 being a number depending on « (so that v also depends on e), and 
the point z,’ being any point on the curve between z, and 2,4. 


[Note that we do not say 


S= hm 3 Grn —@) 7 Ge 
v>o r=0 

because the summation on the right is a function of 2v + 1 independent 
variables 2, 22, --. 2», %, 21) --. Zy, and so S is not an ordinary limit of 
a function of one variable. } 

It is, however, necessary to define exactly what is meant by the 
phrase ‘points in order on the curve AB.’ 

To ensure that the limit, by which we shall define an integral, may 
exist, we shall restrict the curve on which the points %, 22, ... lie, to 
be an ‘oriented simple curve.’ And a further restriction is convenient, 
namely that the curve should have limited variations? ; that is to say 


that the functions 2 (¢), y(¢) should have limited variations in the 
interval ¢ to 7. 


[It can be proved’ that a necessary and sufficient condition that a simple 
curve should have a finite length is that it should have limited variations, but 


this proposition will not be required ; the lemma below will be sufficient for 
the purposes of this work. ] 


A function /(z) of a complex variable z is said to be ‘continuous 
on a simple curve’ if /(z) is a continuous function of ¢, 


* Young, Sets of Points, §§ 140-141. Jordan, Cours @’ Analyse, t. 1. p. 90. It 
will be obvious that the definition may be extended to cover the case when the path 


of integration consists of a finite number of simple curves with limited variations. 
3 Young, Sets of Points, § 167. : 


~ 


9-10] COMPLEX INTEGRATION 19 


We can now prove the following important lemma : 
Lemma. Let %, , 20, -- Zana be any sequence of points in order 
n 
ona simple curve. Then & | (2p.1-%,)| ts less than or equal to the sum 
r=0 


of the total variations of x (t) and y(t) as t varies from ty to t+. 


Since the modulus of a sum does not exceed the sum of the 
moduli, it follows that 


n e n 
S| rr —2r) |= B | {(@rr- ar) +7 (Yrs — rd} | 
r= r=0 
< 3S [1m 2) +1 ear HI 
n n 
S a | {a(é-41) — & (é,)} | + ar |{y (tr+1) — y (t,)} | ° 
r= Y= 
But ¢,,:>¢,, since the points , 4, 2, --. are in order; and 


consequently the first of these summations is less than or equal to 
the total variation of 2(¢), and the second summation is less than or 
equal to the total variation of y(t); that is to say, 3 | (z41—2,)| is 
less than or equal to the sum of the total variations of «# (¢) and y (¢). 


10. We are now in a position to give a formal definition of a 
complex integral and to discuss its properties. The notation which 
has been introduced in §§ 2, 4 and 5 will be employed throughout. 


Derinition. Let AB be a simple curve with limited variations 
drawn in the Argand diagram. Let f(z) be a function of the complex 
variable z which is continuous on the curve AB. Let x be the 


complex coordinate of A, and Z the complex coordinate of B. Let a 


sequence of points on AB be chosen, and when n of these points have 
been taken, let the points taken in order be called 2), 2,!"), ... 2) (so 
that if m>n, 2") is one of the points ~"), 2”, ... 2 cat as the sequence 
of points may be chosen according to any definite law whatever*, pro- 
vided only that the points are all different and that, given any positive 
number 8, we can find an integer n, such that when n>, 
O< trai” ea t,{") S 5, 
where r=0, 1, 2,...n and t\ =t5, tay” =T. 


4 If t=0, T=1, the simplest law is given by taking ¢,(”), t.”,...t,(" to be 


the first n of the numbers 4; 4, 2; 3, 3, §, 3; ... when these n anaes are 


rearranged in order of magnitude. 


bo 


20 COMPLEX INTEGRATION [CH. 11 


Then the complest integral . tT (a)dz is defined as meaning the 
following limit: 
i . Hla)dz = lim [(a — 20) F (zo) + (2a — za) S (z,) 
E en + (2) — 25) f (zal) +... + (Zi en) F (Zn) ] 
= lim 3 [naa — 25) f (et). 


NSD r= 


[It is permissible to speak of the limit of 
n 
a [ens 4) — 2.) fF (2p) ] 
7 


because these expressions form a sequence (depending on x), each member of 
the sequence being determinate when the form of f and the law, by which 
the points z,() are chosen, are given. ] 

The integral is said to be taken along the path AB, and the path 
AB is usually called the contour of integration ; and if the path AB 


B 
be called C, we sometimes write | J (z)dz in the form I a J (z) dz or 
A 
dz. 
[7@ 


11. It is next necessary to prove (Theorem I) that the limit, by 
which an integral is defined, exists. 

When we have proved Theorem I we shall prove (Theorem II) that 
if a positive number ¢ be taken arbitrarily, it is possible to find a 
number 6, such that, when any v numbers fj, fz, ... f, are taken so that 
St Shs... St <S44=T and t,,,—-t)<6,(p=0, 1, ... v), and when 
T, is such that ¢, < T, < t),., then 


|[, Fede - 3 nna) SG) |<e 
A p=0 


THeorEM I. Let Sy (2)= & [(2r41” — 2.) £(e,)] ; then lim S;, (2) 
r=0 sacri 
exists. 


To prove the existence of the limit, we shall prove that, given 


an arbitrary positive number «, we can choose an integer » such that, 
when m>n, 


| Sin (2) — Sp (2) |<. 
This establishes® the existence of lim 8S, (2). 


° Bromwich, Theory of Infinite Series, §§ 8, 75, 151. 
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Let L be the sum of the total variations of 2 (¢) and y(t) for the 
interval ¢, to 7 of t. 

In virtue of the continuity of (2) qua function of ¢, corresponding 
to an arbitrary positive number ¢, we can find a positive number 8 such 
that, if z be any particular point on AB, and if z’ be on AB, then® 


Pe at ARS SehE Wi. cha habaesaues (5) 
whenever | ¢’—¢| <8; it is obvious that, in general, 8 is a function of ¢. 
Let us assume for the present’ that, when « is taken arbitrarily, a 
number 6, (independent of ¢, but depending on e) exists, such that, for 
all values of ¢ under consideration, 
8>8>0; 
that is to say, we assume that f(z) is a wniformly continuous® function 
of ¢. 
Now choose x so large that 
0 < tp — 8, <, 
for r= 0, 1, 2, ... 2; this is possible by reason of the hypothesis made 
concerning the law by which the numbers ¢,\”) were chosen. 
Let m be any integer such that m>m; and let those of the points 
z") which lie between 2, and 2, be called 2, 0, 2,0, +++ Zmy+i,0, Where 
%,0=20”), Zmys1,0=2) ; and, generally, let those of the points 2, 


which lie between 2, and z,,:") be called a, ,, 2, >) +++ %m,+1,r, Where 


Ar = zi), 2m,+1, r Sria 
nN 
en ze Lea) — Spl). FS 
Th hss > [¢ tt ). fF (z,)] 
r= 
n Mp 
yy | Se es ) f (ex) |, 
r=0 s=1 


since the points ,,, are the same as the points z,/. 


n Mp 
Also Sin ay > {(Ze+s, 7 — %s, 7" . Ss | ’ 
‘ r=) L_s=1 


BLS Gone md SG) -F 6.2} | 
r=0Ls=1 


< S ’S | (Zs41, ra 2s, 7) { f(z) —S (%, i | : 
1 


r=0 8= 


so that. | (S,—Sn)}= 


6 The reason for choosing the multiplier 4 will be seen when we come to 


Theorem II. 
7 A formal proof is given in § 12. ; - 
8 The continuity is said to be uniform because, as t’ > t, f (2’) tends to the limit 


f(z) uniformly with respect to the variable t. 
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But ¢,.1 >t,» 2t-™, so that 0 <és,,—- t, <8, and consequently 
wep m 


nr 
| F (er) —F (Zs, r) |S t¢/L; also > = | Zs43,7— 2s,7 |= = | 2, 
r=0 s=1 r=0 


we —gi4 | : 


and consequently 
n My ; 
|Snr—Sn|< & = Move ter) soe 
Vs= 


n= 
m 
< deL? > | (Zia = Zh") | 
Ste, 
z m 
since S | (zg: — 2) | < LZ, 
r=0 

by the Lemma of $9. That is to say that, given an arbitrary positive 


number «, we have found » such that when m>n, | S,—S,|<e; and 
consequently we have proved that lim S, exists; the value of this 


nro 


limit is written 


[ i eek 


We can now prove the following general theorem : 


THEorEM II. Given any positive number «, it is possible to find 
a positive number 5, such that, when any v numbers t,, te, ... t, are 
taken so that 0 < tyii—tp S$ &, (p=0, 1, ... v, and t,,..=T), while T, is 
such that ty < Ty < tpi, then 


| [re de~ 3 (Zpa1— %) F(Z) | <6, 


Zp, Zp being the points whose parameters are ty, T, respectively. 

Choose 6, and x to depend on « in the same way as in the proof of 
Theorem I ; we shall prove that it is permissible to take 8, = 8). 

For, assuming that 0<¢,,,-t, <6, we can find an integer r 
corresponding to each of the numbers ¢,, (»+v+1), such that 
t) Sty <tr”; let the numbers ¢, which satisfy this inequality for 
any particular value of r be called in order t,,,, ty, ;, --- tne 


Then we may write 
2, [(Zp41— %p) F (Zp) ] = 3 [Car — 20) F (Zo, 2) + (2a. — Zr) F (Bae) 
GL (23, »— a4) TS (Zax) “iy UU CPR a 2n,.r) J (Zy,,r)]- 
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The following conventions have to be adopted in interpreting the 
summation on the right-hand side: 


GQ) te. Ss St,,; where ¢,, means that number of the set 
eee hea immediately precedes 4,,,. 


(il) ty..< Ty, r <ty,41,r3 Where ty,.1,r means that number of the 
set t,t, -.. t-.; which immediately follows ty, ,. 


(ii) If, for any value of r, there is no number t» such that 
t Sty <tr, the term of the summation corresponding to that 
value of r is (z,.:—2,) f(Z,,), where br ST er Sty, and hs, Ge 
are respectively the largest and smallest numbers of the set f), t,, .-. trai 
which satisfy the inequalities 


to, 7 < t”), ty, r > bial 
With these conventions, if S, has the same meaning as in 
Ehoorem I, we may write 


= (Zpa1 a Zp) F(Z) ia Sy 


= 3 Eee Fa) Se} + (ye 2, HS CdS Ce} 
tee # (Zp 4a — Bye) {SF (Zy,, 1) —F ee} 5 


if for any value of 7, there is no number ¢, such that ¢,” <t, < ti, 
the term of the fouriation corresponding to that value of 7 is 


(Zr = 2) { F(ZLo, r) —F ee). 
Now if s=0, 1,... V,, we have 
Dy 9 Ss be, F0y <bg +05 < 4, 4 205, 
and Ve 2 tesa 0g Bt = Oy: 
hence | Ze 8,)} = 98; 
Therefore, if ¢ =4(7,,+4,™), we have 
tT,.e—t | <5, [e—t09 | <6, ; 


so that, since the modulus of a sum does not exceed the sum of the 
moduli, 


| F(Zs, 2) — Fe) | S| P(Zo,r)— F(Z) | + | FE) —F (en) 
<4eL", 


by equation (5) of Theorem I. 


ae 
ee ee ei et 
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It follows that 
3 (Zps1— 2p) (Zp) — Su] $ & (1 Gye 2) | He 


r=0 
+| (Ze,r—#r) |o feL? + 00 + | Sra — 2y,,2) | 4eL-] 


n 
S i > [ (21, a — 2,'")) | x | (2, r— AA, - | gs cou / (Zr41”) —2N gp r) ]. 
r=0 


Now, by the Lemma of § 9, the general term of this last summation 
is less than or equal to the sum of the variations of a (¢) and y(¢) in 
the interval ¢, to ¢,.#”, since the points 


» (n) ae s 
Spy Ar ry ESOS FITS UN at 98 OF Ek 


(n) 


are in order; and, hence, since the numbers #,”), 4%, ... fa. are in 
order, the whole summation is less than or equal to the sum of the 
variations of w(t) and y(¢) in the interval ¢) to t,4:” ; that is to say 


3 (Zp41 —%p) SF (Zp) — Sn | < $eL x L 
p=0 


<< 


bolt 


é. 
But, by Theorem I, with the choice of 2 which has been made 
| San—-S, | <4, 
when m>n. Hence, since ¢ is independent of m, 
|( lim 8) ~ 8, <4s 


Z 
[ f@a-s, 


Ste. 


Therefore 


[4 dz - 3 on — Zp) f (Zp) | 


€ 


rZ 
| J (2) dz— S), 
< fe. 


That is to say that, corresponding to an arbitrary positive number 
«, we have been able to find a positive number 8, (namely, the number 
denoted by 8, in Theorem I), such that if 


0 Sti —t <4, (p =0, dh ee ans and bu=T), 


+ | 8, - PGs — Zp) f (Aq) | 


Zz v 
then | i f(@)de- % Gon—m)F(Z,)| <e 


11-12] COMPLEX INTEGRATION 25 


From this general theorem, we can deduce the following particular 
theorem : 


Z 
TuEoreM III. The value of | J (z) dz does not depend on the 


particular law by which the points z,) are chosen, provided that the law 
satisfies the conditions af § 10 

Let points chosen according to any other law than that already con- 
sidered be called £,”), (p=0, 1, ... v3 G=2, Ga” =Z) ; then if r be 
the parameter of the point ¢, we can find a number % such that when 
v>V%, OST yi" —7, <3, ; hence we may take the numbers ¢, of 
Theorem II to be the numbers +," respectively, and we will take 
at ei Synees by the result of Theorem II, 


[7 Fe) de— 3 1G -G) FG] | <e5 
+ Zo p=0 


and, corresponding to any positive number «, we can always find the 
number v, such that this inequality is satisfied when v > 1. 


Therefore lim = Ursa” ”) — £1) f(G™) | 


vSon p= 


exists® and is equal to ths J (2) dz, which has been proved to be the 
Zo 


value of 
lim > (Zpar™ — 2p!) F (Zp) 5 


n>xn p=0 


and this is the result which had to be proved, namely to shew that the 

Z . . 
value of | #(z)dz does not depend on the particular law by which we 
choose the points z,-”. 


12. It was assumed in the course of proving Theorem I of § 11 
that if a function of a real variable was continuous at all points of a 
finite closed interval, then the function was uniformly continuous in 
the interval. 

A formal proof of this assumption is now necessary” ; but it is 
expedient first to prove the following Lemma. The lemma is proved 
for a two-dimensional region, as that form of it will be required later. 

9 Bromwich, Theory of Infinite Series, § 1. 


10 Tt was pointed out by Heine, Crelle’s Journal, vol. uxxt (1870), p. 361 and 
yol. uxx1v (1872), p. 188, that it is not obvious that continuity implies uniform 


continuity. 
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Goursat’s Lemma! Given (i) a function of position of two pornts PB P, 
which will be written {P', P}, and (ii) an arbitrary positive number e ; let a yous 
two-dimensional closed region? R have the property that for each pownt Pof R 
we can choose a positive number 8 (depending on the position of P), such that 
|{P’, P}|<e whenever the distance PP’ is less than or equal to 8, and the 
point P' belongs to the region. 

Then the region, R, can be divided into a finite number of closed sets of 
points such that each set contains at least one point P, such that the condition 
|{P’, P,}|<e is satisfied for all points P’ of the set under consideration. 


If a set of points is such that for any particular positive number e, a point 

P, can be found such that 

I{P’, Pl<e 
for all points P’ of the set, we shall say that the set satisfies condition (A). 
A set of points which satisfies condition (A) will be called a suitable set. 

Let R- be the continuum formed by the interior of R; take any point 
of R- and draw a square, with this point as centre, whose sides are parallel 
to the axes, the lengths of the sides of the square being 2Z, where LZ is so 
large that no point of / lies outside the square. 

If every point of 2 satisfies condition (A), what is required is proved. 
If not, divide the square into four equal squares by two lines through its 
centre, one parallel to each axis. Let the sets of points of R which lie either 
inside these squares or on their boundaries be called a,, ay, a3, ay respectively 
of which ay, a, are above a3, ay and aj, az are on the left of ag, ay. 

If these sets, a,, az, a3, ay, each satisfy condition (A), what is required is 
proved. If any one of the sets, say a,, does not satisfy condition (A), divide 
the square!’ of which a, forms part into four equal squares by lines parallel to 
the axes ; let the sets of points of 2 which lie inside these squares or on their 
boundaries be called 8,, 85, 8, (in the figure one of the squares into which 
a, is divided contains no point of 2). 

If condition (A) is satisfied by each of the sets, we have divided a, into 
sets for which condition (A) is satisfied ; if the condition (A) is not satisfied 
by any one of the sets, say 83, we draw lines dividing the square (of side $Z), 
of which §3 forms part, into four equal squares of side }Z. 

This process of subdividing squares will either terminate or it will not ; 
if it does terminate, R has been divided into a finite number of closed sets of 
points each satisfying condition (A), and the lemma is proved. 

Suppose that the process does not terminate. 

A closed set of points #’ for which the process does terminate will be said 
to satisfy condition (B). 

Then the set & does not satisfy condition (B); therefore at least one of the 


1 This form of the statement of Goursat’s Lemma is due to Dy Baker. 

2 Consisting of a continuum and its boundary. 

8 A square which does satisfy condition (A) is not to be divided; for some of 
the subdivisions might not satisfy condition (A). 
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sets a1, ay, a3, a, does not satisfy condition (B). Take the first! of them which 
does not. 

The process of dividing the square, in which this set lies, into four equal 
parts gives at most four sets of points, of which at least one set does not 
satisfy condition (B). Take the first of them which does not, and continue 
this process of division and selection. The result of the process is to give 
an unending sequence of squares satisfying the following conditions : 

If the sequence be called sy, s,, s,, ..., then™ 


—_— 


(i) The side of s, is of length 2-"Z. 
(ii) No point of s,,, lies outside s,. 
(iii) Two sides of s, ,; lie along two sides of s,. 
(iv) s, contains at least one point of 2. 
(v) The set of points of & which are inside or on s, do not satisfy 
condition (A). 
Let the coordinates of the corners of s, be called 


(77,[, Yn), CALE Yn), (an), Yn), (%n("), Yn), 
where L,) < ay!?), Yr) <y nl”). 


Then (a_() is a non-decreasing sequence and (7,(?)) is a non-increasing 
sequence ; and x, —2,(0=2-"L ; therefore the sequences (#,[)), (#,{)) have 
a common limit £ such that z,(0 <é<w,); similarly the sequences (y,”), 
(y,)) have a common limit y such that y,") <n <y,. 

Consequently (é, 7) lies inside or on the boundaries of all the squares of the 
sequence (s,); further, (&, 7) lies inside or on the boundary of the region & ; 


14 We take the jirst possible square of each group of four so as to get a definite 


_ sequence of squares. 


15 Cp. Bromwich, Theory of Infinite Series, § 150. 
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for since s, contains at least one point of 2, the distance of (&, 7) from at 
least one point of 2 is less than or equal to the diagonal of s,, Le. 2-"Z /2. 
Hence, corresponding to each square, s,, there is a point P, such that 


TP, <2-"LN2, 


where II is the point whose coordinates are (é, 7); this sequence of points 
(P,) obviously has II for its limiting point ; and since the region £ is closed, 
the limiting point of any sequence of points of 2 is a point of &. Therefore 
II is a point of &. 

Then | {P’, 1}| << when P’ is a point of # such that P’TI < 6,, where dz 
is a positive number depending on II. 

Choose 2 so that 2-"Z ./2 < 8,; then all points, P’, of s, are such that 
Pll < 6x; and therefore s, satisfies condition (A); which is contrary to 
condition (v). 

Consequently, by assuming that the process of dividing squares does not 
terminate, we are led to a contradiction ; therefore all the sequences terminate; 
and consequently the number of sets of points into which & has to be divided 
is finite ; that is to say, the lemma is proved. 

[The reader can at once extend this lemma to space of x dimensions. ] 

In the one-dimensional case, the lemma is that if, given an arbitrary 
positive number e, for each point P of a closed interval we can choose 6 
(depending on P) such that |{P’, P}|< e« when PP’ < 6, then the interval 
can be divided into a finite number of sub-intervals such that a point P, of 
any sub-interval can be found such that |{P, P,}| < ¢ for all points P of that 
sub-interval ; the proof is obtained in a slightly simpler manner than in the 
two-dimensional case, by bisecting the interval and continually bisecting any : 
sub-interval for which the condition (A) is not satisfied. 


The proof that a continuous function of a real variable is uniformly 
continuous is immediate. Let f(a) be continuous when a<a<b; we 
shall prove that, given ¢, we can find 8, such that, if 2’, 2” be any two 
points of the interval satisfying | a —2” | <8, then | f(a’) —f(#”) |<. 

For, given an arbitrary positive number ¢, since f(z) is continuous, 
corresponding to any 2 we can find 8 such that 


| f(a’) —f (a) | <te when |2’—2| <8. 


Then, by the lemma, we can divide the interval a to 6 into a finite 
number of closed sub-intervals such that in each sub-interval there is 


a point, a,, such that | /(«’)— f(a) |<+e when 2’ lies in the interval 
in which 2, lies. 


Let 8, be the length of the smallest of these sub-intervals ; and 
let 2’, 2” be any two points of the interval a < 2 <b such that 


| a —2" |<; 
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then 2’, x” lie in the same or in adjacent sub-intervals Saf 2, 2 hein 
the same sub-interval, then we can find a, so that 


| £2’) - F(a) | <4 | F(@”)—F (am) |< te 

Hence | Ff (@’) —f (@") |<de. 

If a’, 2” lie in adjacent sub-intervals let ¢ be their common end- 
point ; then we can find a point 2, in the first sub-interval and a 
point 2, in the second such that 

IF (2) -S(am)|<464 | FE) - F(a) | <4, 
| F(a") -F (a) |< 46, |S (E)—F (ar) | <4, 


so that 
IF @) -—F (2) |= {SF @) -S(@)} —{£ © —F (a)} 
—{ F(x") —F (@a)} + { FE) —F (ws)} | 


a 


_In either case | f(a’) — f(a") | < « whenever | x’ — 2”! <8), where 8, 
is independent of 2’, x” ; that is to say, f(a) is uniformly continuous. 


13. Proofs of the following theorems may be left to the reader. 
I. If AB be a simple curve with limited variations and if f(z) be con- 
tinuous on the curve AB, then 


[f@e=- [lta 


That is to say, changing the orientation of the path of integration changes 
the sign of the integral of a given function. 

Il. If Cbea point on the simple curve 4B, and if f(z) be continuous on 
the curve, then 


[oem [ite det ['7@ ae 


Ill. Ifz and Z be the complex coordinates of A and B respectively, and 
if AB be a simple curve joining 4, B, then 


B 
| dz=Z—%. 
A 


ITV. With the notation of Theorems I and II of § 11, by taking z,=z,™, 
and Z, in turn equal to z,) and z, , 1), it follows that 


B ae 
| zdz=4 lim & [(@41™— 2A) Z09] 
A 


nN >wor=0 
E n 
+3 lim 2 [(Z + 1”) = 2,(")) op + 1") 
n>wr=0 
n 
=$ lim > [(,41)?— (2,)?] 
n>wor=0 


=} (Z2—2,2). 


CHAPTER III 


CAUCHY'S THEOREM 


§ 14, The value of an integral may depend on the path of integration. 
—§ 15, Analytic functions.—§ 16. Statement and proof of Cauchy’s 
Theorem.—§ 17. Removal of a restriction introduced in § 14. 


14. Let C,, C, be two unclosed simple curves with the same end- 
points, but no other common points, each curve having limited varia- 
tions. Ifz, Z be the end-points and if f(z) be a function of z which 
is continuous on each curve and is one-valued at z, and Z, then 


[,,f@d@ [fed 


both exist. 

If f(z)=z, it follows from Theorem IV of § 13 that these two 
integrals have the same value. Further, if C,, C, be oriented so that 
Z is the first point of C, and Z the first point of C,, and if C,, C, have 
no points im common save their end-points, C, and C, taken together 
form a simple closed curve, C, with limited variations, and 


J zdz=0. 
Cc 


This result suggests that the circumstances in which 


|, @ae=0, 


(where O denotes a simple closed curve with limited variations! and 
J (2) denotes a function of z which is continuous on @) should be 
investigated. 


1 A regular closed curve, satisfying this condition, regarded as a path of 
integration, is usually described as a closed contour. 


é 


14-15] CAUCHY'S THEOREM 31 


The investigation appears all the more necessary from the fact? 
that if C be the unit circle |z|=1, described counterclockwise, and 


» f(z) =z", (so that z=cost+i7sint, —7 <t <7), it can be shewn that 


| 2 dz = 2771. 
JC 
Conditions for the truth of the equation 


ie f (2) dz= 


were first- investigated by Cauchy*. 

It is not sufficient that f(z) should be continuous and one-valued 
on the regular closed curve C, as is obvious from the example cited, in 
which /(z)=27'; and, further, it is not sufficient that f(z) should be 
continuous at all points of C and its interior. 

A sufficient condition for the truth of the equation is that, given a 
function f(z) which exists and is continuous and one-valued on the 
curve C, it should be possible to define a function‘, f(z), which exists 
and is continuous and is one-valued at all points of the closed region 
formed by C and its interior, and which possesses the further property 
that the unique limit 


eae =o 


( ty 
should exist at every point z of this closed region, it being supposed 
that z is a point of the closed region. ‘he existence of this limit 
implies the continuity of f(z) in the region. 

It is, further, convenient, in setting out the proof, to lay a restriction 
on the contour C, namely that if a line be drawn parallel to Ox or to 
Oy, the portions of the line which are not points of C form a finite 
number of segments. This restriction will be removed in § 17. 


15. Derinition. Analytic functions. The one-valued continuous 
function f(z) is said to be analytic at a point 2 of a continuum, if 
a number, J, can be found satisfying the condition that, given an 


2 Hardy, A Course of Pure Mathematics, § 204. 

3 Mémoire sur les intégrales définies prises entre des limites imaginaires (1825) ; 
this memoir is reprinted in t. vi. and t. vit. of the Bulletin des Sciences Mathé- 
matiques. 

"4 Up to the present point a function, f(z), of the complex variable z, has meant 
merely a function of the two real variables x and y. 
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arbitrary positive number «, it is possible to find a positive number 6 
(depending on « and 2) such that 
IF) -P@)—-Ue -2)| <1 @-2)|; 
for all values of z such that | 2 -z| <6. 
The number J is called the differential coefficient, or derivate, of 
f(z); if we regard z as variable, 7 is obviously a function of 2; we 
denote the dependence of 7 upon z by writing /=/' (2). 


So far as Cauchy’s theorem, that - J (z) dz = 0, is concerned, it is 


not necessary that /(z) should be analytic at points actually on C; it 
is sufficient that #(z) should be analytic at all points of the interior of 
C and that for every point, z, of C, 
If (@)-F@)-S' @).#-2)|S€l2—-2|, 

whenever | 2’ — z| < 8 (where 8 depends on « and 2), provided that 2’ is a 
point of the closed region formed by C and its interior. 

In such circumstances, we shall say that f(z) is semi-analytic on C. 

It is not difficult to see that analytic functions form a more re- 
stricted class than continuous functions. The existence of a unique 
differential coefficient implies the continuity of the function ; whereas 
the converse is not true; for e.g. | z| is continuous but not analytic. 


16. It is now possible to prove CavucHy’s 'HEOREM, namely that : 

If f (2) be analytic at all points in the interior of a regular closed 
curve with limited variations, C, and if the function be continuous 
throughout the closed region formed by C and its interior, then 


ie f(2)dz=0. 


The theorem will first be proved on the hypothesis that f(z) is 
subject to the further restriction that it is to be semi-analytic on C. 

In accordance with § 8, let the orientation of O be determined in 
the conventional manner, so that if the (coincident) end-points of the 
path of integration be called z, and Z, with parameters ¢, and 7’, then, 
as ¢ increases from ¢, to 7’, z describes C in the counterclockwise 
direction. 

The continuum formed by the interior of C will be called R- ; and 
the closed region formed by R- and C will be called R. 

Let Z be the sum of the variations of 2 and y as z describes the 
curve C’; take any point of R~, and with it as centre describe a square 
of side 2, the sides of the square being parallel to the axes; then no 


. 


ot SCAN cs le eal 
e . 3 
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point of & lies outside this square ; for if (a, y) be the centre of the 
square and 2, x. the extreme values of 2 on R, then 
MBSMSt, 0S m—-%<S LZ, 

so that 2+ L>a,+L>a,; i.e. the right-hand side of the square is 
on the right of # ; applying similar reasoning to the other three sides 
of the square, it is apparent that no point of 2 is outside the square. 

Let « be an arbitrary positive number ; then, since /(z) is analytic 
inside C and semi-analytic on C, corresponding to any point, z, of 2 
we can find a positive number 8 such that 


IF@)-f(@)-@-2) S'S el2—21, 
whenever | z’—z|<6 and 2 is a point of R. 


Hence, by Goursat’s lemma (§ 12), we can divide R into a finite 
number of sets of points such that a point, ~, of each set can be found 


such that 
If (@) —F (a) —@ -a) f' (a) |<ele- ail, 
where 2’ is any member of the set to which z belongs. 

Suppose that # is divided into such sets, as in the proof of Goursat’s 
lemma, by the process of dividing up the square of side 2Z into four 
equal squares, and repeating the process of dividing up any of these 
squares into four equal squares, if such a process is necessary. 

The effect of bisecting the square of side 2Z is to divide R~ into 
a finite number of continua, by Theorem VI of § 6 combined with the 
hypothesis at the end of § 14; the boundaries of these continua are C 
and the straight line which bisects the square ; the process of dividing 
up the square again is to divide these continua into other continua ; 
and finally when # has been divided into suitable sets, R~ has been 
divided into a finite number of continua whose boundaries are portions 
of © and portions of the sides of the squares. 

The squares into which the square of side 2 has been divided fall 
into the following three classes : 

(i) Squares such that every point inside them is a point of R. 

(ii) Squares such that some points inside them are points of R, 
but other points inside them are not points of 2. 

(iii) Squares such that no point inside them is a point of R. 

The points inside C which are inside any particular square of 
class (i) form a continuum, namely the interior of the square ; the 
points inside C which are inside any particular square of class (11) 
form one or more continua. 


Ww. Cc. I. 3 
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Let the squares of class (i) be numbered from 1 to NV and let the 
oriented boundary of the sth of these squares be called C;,. 

Let the squares of class (ii) be numbered from 1 to V’. Let the 
set of oriented boundaries of the continua formed by points of R~ 
inside the sth of these squares be called C;’. 


N N’ 
si ‘(z)dz+ 3% | (2) dz ; 
Consider Bas hee ) ete oy" | ) 


we shall shew that this sum is equal to | 0) SF (2) dz. 


The interiors of the squares of class (i), and the interiors of the 
regions whose complete boundaries are (;/, are all mutually external. 
The boundaries formed by all those parts of the sides of the squares 
which belong to R- occur twice in the paths of integration, and the 
whole of the curve C occurs once in the path of integration. By 
Theorem II of § 8, each path of integration which occurs twice in the 
sum occurs with opposite orientations; so that the integrals along 
these paths cancel, by Theorem I of § 13. 

Again, the interiors of all the regions whose boundaries are C;, and 
C;; are interior to C; so that the orientation of each part of C which 
occurs in the paths of integration is the same as the orientation of C; 
and therefore the paths of integration which occur once in the summation 
add up to produce the path of integration C (taken counter-clockwise). 

Consequently 
Sveti I SG i Pela 

(2%) zai J(Cx) “HOG Ty ik 


k=1 
Now consider I ey) J (z) dz; the closed region formed by the square 
k 


C; and its interior has been chosen in such a way that a point 2 of the 
region can be found such that 


lf (2%) —F (a) — (@- a) SF’ (ma) | <| (2-1) |, 


when z is any point of the region. 


Let S(2)-F (a) - @-a) FP" (&) =¥ (e-%); 

when ZR. 
When z=% let v=0; then vis a function of z and z such that |v|<e. 
It follows that 


fey? ® a {te Uf (a)— as" (a)} de 


n I ef (ade I og ©) de. 


ee ee A 


is eat x 
_* 
5 
. 
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But by Theorem III of § 13, | dz=Z-—z2), where z,, Z are the end- 
points of the path of integration ; since C; is a closed curve, Z = 2, 80 


that ts dz=0; so also, by Theorem IV of § 13, tak zdz=0. 


Therefore j ee) J (2) dz= I ma (2-2) vdz. 
k 


Therefore’, since the modulus of a sum is less than or equal to the 


sum of the moduli, 
"(z) dz 
hog t® 


=\4 Z—2) vdz 
ion )Y 


< [o)|@-)»de| 


J h J2e|del 
Cy, 
She /2. 4k 
< 4€A, ,/2, 
where /;, 1s the side® of C;, and A; is the area of C,, so that A,=42; it 


IN 


is obvious by the lemma of § 9 that I . ‘ dz| does not exceed the peri- 
meter of C;. i 
We next consider | oy) J (z) dz; if the region of which C;,’ is the 
k 


total boundary consists of more than one continuum (i.e. if C;/ consists 
of more than one regular closed curve), we regard C;’ as being made up 
of a finite number of regular closed curves; and since the interior of each 
of these lies wholly inside C, any portion of any of them which coincides 
with a portion of C has the same orientation as C; and the value of 


Jas fea round each of the regular closed curves which make up 0; 


is zero. 
Hence, as in the case of C,, we get 


: | Une (z) dz| = | ee v(¢—m) dz 


< [guy (i /2)-€1 del, 


n 
5 The expression i |f(z)dz| means lim J | (zp41(—z,()f (z,)|, with the 
n>xn r=0 
notation of Chapter II; arguments similar to those of Chapter II shew that the 
limit exists. 
6 The squares C; are not necessarily of the same size. 
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where J,’ is the length of the side of that square of class (ii) in which 
CO, lies. 

Let the sum of the variations of 2 and y, as z describes the portions 
of C which lie on (;', be Z;; so that 


N!’ 
an Fee Fs 
es k=1 
( > L,/ will be less than Z if part of C coincides with a portion of a 
cs 
side or sides of squares of class (i.) 
N i dz < L, + 4k ; 
ee (ee 


for, by the lemma of § 9, ie / |dz| is less than or equal to the sum of 
k 


the variations of x and y as z describes the various portions of C;,’. 


Therefore | i oy (2) de |< (Lal + Aly) ele 2 
k 


< 4e A,’ ia +2L e Li, ee 
since J, < 22; A, is the area of the square C;’. 
Combining the results obtained, it is evident that 


| [,F@a|=|{ 2 i apf de +3 f anf az} | 


i ies +2 | Fess Bade | 


N 

< 3 

Rae 
N N’ 

a 4A,e w2 aS (4A; € /2 ot 2L ¢ Ly /2). 
= = 


. . y . N Ne . 
But it is evident that a Ayt = A, is not greater than the area 
= =] 


. . N’ 
of the square of side 2 which encloses C’; and since 3 LZ,’ < L, we 
see that ae 


| i (2) dz|<4x (QL) xe J2 + eT? ,/2 
< 18 L? /2. 
Since L is independent of «, the modulus of I o) J (2) dz is less than 


a number which we can take to be arbitrarily small. Hence sp J (2) dz 


is zero, if f(z) be analytic inside C and semi-analytic on C. 


atsies A = 


eA” ce 


ih 1b) ies 


—- 
2 
a 
oe: 
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17. The results of the following two theorems make it possible to remove 
the restriction laid on C in § 14, namely that if a line be drawn parallel to 
Ox or to Oy, those portions of the line which are not points of C form 
a finite number of segments; also it will follow that the assumption made 
at the beginning of § 16, that f(z) is semi-analytic on C, is unnecessary. 


THEOREM I. Given? a regular closed curve C and a positive number 8, a 
closed polygon D can be drawn such that every point of D is inside O and such 
that, given any point P on C, a point Q on D can be found such that PQ <6. 


TuEorEM II. Jf f(z) be continuous throughout C and its interior, then 


A 2 F(@ dz- | . J (2) dz can be made arbitrarily small by taking 8 sufficiently 
small. 


It is obvious that the condition of § 14 is satisfied for polygons, so that if 
7 (2) be continuous throughout C and its interior and if it be analytic inside C, 


12 JF (2 dz=0, and therefore | Ft (@ dz=0. 
Cc 


THEOREM I. Let the elementary curves which form C be, in order, 


Yrn (2), z=h, (y), Y= 92 (2), L=h; (Y), 2 Y=9s (2), av=h, (YY), 
and let the interior of C be called S~-. 


Let 6 < lim sup $PQ, 


where P, @ are any two points on C. 

Each of the elementary curves which form C can be divided into a finite 
number of segments such that the sum of the fluctuations of # and y on each 
segment does not exceed 36, so that lim sup PQ <6, where P, @ are any two 
points on one segment. Let each elementary curve be divided into at least 
three such segments and let the segments taken in order on C be called 
01) 02, --» On+1, their end-points being called Py, Pi, ... Pa+1(=Po)- 

Choose & <6 so that lim inf PQ > 6’, where P, @ are any two points of 
C which do not lie on the same or on adjoining segments®. 

Cover the plane with a network of squares whose sides are parallel to the 
axes and of length 40’ ; if the end-point of any segment a, lies on the side of 
a square, shift the squares until this is no longer the case. 

Take all the squares which have any point of o, inside or on them ; these 
squares form a single closed region S,,; for if a, be on y=g («), the squares 
forming S, can be grouped in columns, each column abutting on the column 
on its left and also on the column on its right. Let the boundary and interior 
of S, be called C, and S,.- respectively. 

Then S, possesses the following properties : 


(i) 4S, contains points inside C and points outside C. 
7 This result will be obtained by the methods of de la Vallée Poussin, Cours 


d’ Analyse Infinitésimale (1914), §§ 343-344. 
8 See note 15, p. 10. 
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(ii) S,- has at least one point P, (and therefore the interior of one 
square) in common with S~,,1. 


(iii) S,, S,42 have no point in common; for if they had a common 
point P, points Q,, Q-+2 could be found on o,, o,+2 respectively, such that 
PQ, <38' J2, PQraa< 4h’ /2, and then Q,Q,42<4308'/2 <8, which is im- 
possible. 

(iv) Since S,_,, S,41 have no common point, S, consists of at least 


three squares. 


v 


(v) Ify=g(z) has points on m squares which lie on a column, the sum 
of the fluctuations of z and y as the curve completely crosses the column is at 
least (m—1) 6’, (or & if m=1); in the case of a column which the curve does 
not completely cross, the sum of the fluctuations is at least (m— 2) 6’, (or 0 if 
m=1). The reader will deduce without much difficulty that the ratio of the 
perimeter of S, to the sum of the fluctuations of w and ¥ on o, cannot exceed 
12; in the figure, the ratio is just less than 12 for the segment o;4. 


If o1, Or, O41 be all on the same elementary curve, it is easy to see that 
a point describing C, counter-clockwise (starting at a point inside C and 
outside C1, C,41) will enter S-,_;, emerge from S~,_, outside O, enter 
S~,4 outside C and then emerge from S~,.,1. 

If, however, o;_1, ¢, be on adjacent elementary curves, a point describing 
C;, may enter and emerge from S~,_; more than once; but it is possible to 
take a number of squares forming a closed region S,', whose boundary is £,, 
consisting of the squares of S, and S,_, together with the squares which lie 
in the regions (if any) which are completely surrounded by the squares of 
S, and S;_,. Then, as a point describes £, counter-clockwise, it enters and 
emerges from S~,_, and S~,,, only once. If we thus modify those regions 
S;, which correspond to end segments of the elementary curves, we get a set 
of m+1(< 7) closed regions 7',, with boundaries D, and interiors T,~, such 
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that D, meets D,,, but non-consecutive regions are wholly external to one 
another. 

Now consider the are of each polygon D, which lies outside 7’-,_, and 
Ty +1 but inside C; these overlapping arcs form a closed polygon D which is 
wholly inside C, with ares of D,, D,, ..., occurring on it in order. Also, if P 
be any point of o,, there is a point Q of o, or o,41 which is inside a square 
which abuts on D, and therefore the distance of P from some point of D does 
not exceed PQ+40' < 48+}0' < 6. 

Theorem I is therefore completely proved. 

THEOREM II. Let ¢ be an arbitrary positive number. 

(i) Choose 6 so small that 
IF@)-f@)|<seeL7, 
whenever |2’—z|<35 and z, 7 are any two points on or inside 0, while 
L,=12L, where L is the sum of the fluctuations of # and y on C. 


(ii) Choose such a parameter ¢ for the curve C that 
If @)-F@)|<seeL-3, 
whenever | ¢’/—¢|<6; this is obviously possible, for, if the inequality were 
only true when | ¢’—7¢| <Aé, where ) is a positive number less than unity and 
independent of ¢, we should take a new parameter r=A7!2. 

It is evident from (i) that 

IF(2)-F@| <seeL74, 
whenever | 2’ —z|<6 and z, 7 are any two points on C. 

Draw the polygon D for the value of 6 under consideration, as in Theorem I. 
Take any one of the curves D,; if it wholly contains more than one of the 
regions S,, let them be S;._;, S,. Then there is a point z, of o,_ or o} in one 
of the squares of D, which abuts on D; let ¢, be a point on the side of this 
square which is part of D. 

Then 2,41 is on o41, and hence | z,,1—2,| does not exceed the sum of the 
fluctuations of v and y on oy_1, Ory Or413 1-€. | Zp41—-Zp| < #d< 6. 

Also the are of D joining ¢, to ¢,,1 does not exceed 12 times the sum of 
the fluctuations of # and y on the arcs o,_1, 0}, +1 and so does not exceed 
35; and the sum of the fluctuations of & n as ¢ describes D does not exceed the 
sum of the perimeters of the curves C,, i.e. it does not exceed Z)=12L. 

Take as the parameter 7, of a point ¢ on D, the arc of D measured from 
a fixed point to ¢. 

We can now consider the value of | ’ f (2) dz. 


By conditions (i) and (ii) coupled with Theorem II of § 11, we see that, 
since | Cp+1— Sp I< | Tp41— Tp | < 36, 


| {{,7@ at — 5 Goai— to) bo) 
and | {{ 7 de— 3 epost) 1 G0) <he. 


<ts 
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But |f soae-f seoae| 

{{, F@)de— 3 Cras) F Co} | 

+|{ 70 a 3 Cour~ bo) f (6), | 
+|{3 Cor-adfe 3 Goren eGo| 


< 


Sbet| 3 {Goe1— 2) F)— (Goss G) FG) 


Write FAG) =f (Zp) +p, (p=2p + np; 
sO that | Up | <peL,7}, | Mp | < &. 
Then 


| > (+1) Fp) — (Sp+1— Sn) F (Se) 
p= 
; Re [mp — np +1) F (Zp) — (Gn 4.1— Ge) {F (Sn) —F eH] | 


-|3 [np +1 Uf (2p+1) —F (p)} — (Gn - &) vl 
S 3 | M41 {F (Zp +1) —F (Zp)} |+ 3 Get Oy eale 
p=0 p=0 


m 
Now 2 | mp+1tf (+1) —F )} | < gh (mt1) ee L~}, 
p= 
by condition (ii), while 
‘ m m 
= | (Cp+1 — oy) Up | <gyeL, 1 | fn+1— fl 
p=0 p=0 
Therefore, collecting the results and noticing that (m+1)8 <Z, we 


see that 
|| coe-f seas 


If now, in addition to the hypothesis of the enunciation of Theorem IT, 
that f(z) is continuous throughout C and its interior, we assume that f (z) is 
analytic in the interior of C, then f(z) is analytic throughout D and its 


<hetgetibe 
€. 


interior, and so | J (2)dz=0, by $16; and then, by the result that 
D 


| [| foe 


ginning of § 16 has now been completely proved. 


< , we infer that | f (2) dz=0. The result stated at the be- 
Cc 


J —— 


CHAPTER IV 


MISCELLANEOUS THEOREMS 


§ 18. Change of variable in an integral—§ 19. Differentiation of an 
integral with regard to one of the limits.—§ 20. Uniform differentia- 
bility implies a continuous differential coefficient, and the converse. 


18. Change of variable in an integral. Let € be the complex 
coordinate of any point on a simple curve AB, with limited variations. 
Let z=  (€) bea function of £ which has a continuous differential coeffi- 
cient, g’ (2), at all points of the curve, so that, if ¢ be any particular 
point of the curve, given a positive «, we can find 6 such that 

lg9@)-9O-C-OAOlsele—{], 
when |¢’—¢| <8; it being supposed that ¢, ¢’ are the parameters of @ ¢’. 

If ¢,, T be the parameters of A, B, suppose that z describes a 
simple curve CD as ¢ increases from ¢, to T. 

Then the equation 


[inf GOI ©€= |, fae 


is true if f (2) be a continuous function on the curve CD. 

By Theorem II of § 11, given any positive number «¢, it is possible 
to find a positive number 6’ such that if any v numbers 4, fe, ... t, 
are taken so that 0 <t,4:—¢, < 6, and if TJ, be such that t)< 7 < tpi, 
then 


<= €, 


| eat (2) dz =a brit BNF (Za) 


Given the same number «, we can find 8” such that if any v numbers 
t,, to, --- ¢, are taken so that 0 <t).:—¢, <9”, and if 7’, be such that 
te = Ty S tpin, then 


[ip SOOT © A— 3 Cran G) SZ) 9 (Ws) 


<€, 
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where W,, Z, are corresponding points on AB, CD; we take 6 to be 
the smaller of 8’, 8” and choose the same values for ¢;, f, --. ¢, in both 
summations, where 0 <tp,1—t, <8, and we take 7, the same in both 


summations. 

Now divide the range ¢ to 7 into any number of intervals each 
interval being less than 8; and subdivide each of these into a number 
of intervals which are ‘suitable’ for the inequality 


ge) gO Gago) = <(o — ©). 
Then taking the end-points of these intervals to be ¢, &, .-- t, J, 
and, taking 7’, to be the point of the pth interval such that 


|g (£)-—g (Wy) — (E— Wy) o (Wy) | < €|f—- We | 
at all points ¢ of the arc &¢,4, of AB, we have 


| 3 Gone) SZe)— 3 loos G) LZ) gf (Wp) 
=| 3 (Zs) tg ows) 9 Ge) — Gon) of (Woh 
=| 3 f(Zp) [hg Goss) 9 (Wo) ~ Lon Wo) 9! (Wo)h 
~{9 (bs) —9 (Wo) Wo) Wr) 
< 3 (Zp) €{lSon—Wol+| Wo Slt 


Let Z be the sum of the fluctuations of €, 7 on AB and let MZ 
be the upper limit of |/(z)| on CD; M exists since f(z) is con- 
tinuous. 

Then, by the last inequality, 


3, (Zp11 — 2p) F (Zp) - 3 (Cosi — So) SF (Zp) g' (Wo) | < eM. 
Therefore 

| PG (2) 9 (0) de— | £ (2) de | 

=| fin 9) 9 Oat 3 Gu~)F(Zp) g (We) 


- | fede +3 (p11 — 2p) F (Zp) 


=i 3, (Cott ae bp) (Zp) g ( W,) = 3, (Zo43 ras Rp) F (Zp) 
<(2+M)e«; 


es 
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since MM is fixed, ¢ is arbitrarily small and the two integrals exist, we 
infer that 


lant 99 ©al= |, £@) dx 
Corollary. Taking f(z)=1, we see that 


AB g ({) d= CD dz=2%p—-%g= 9 (Ep) -9(%4) 3 
this is the formula for the integral of a continuous differential coeffi- 
cient. 
19. Differentiation of an integral with regard to one of the limits. 


Let AB be a regular unclosed curve such that if any point P on it 
be taken, and if Q be any other point of it, the ratio of the sum of the 
variations of the curve between P and Q to the length of the chord 
P@ has a finite upper limit}, &. 

Let f(z) be continuous on the curve and let x, Z, Z+h be any 


Z 
three points on it; then if z be fixed, I J (z) dz is a function of Z 
only, say ¢(Z); and % 


lim, Seen) = Fiz 
t>0 ov 


where t is the difference of the parameters of Z, Z + h. 

We can find 8 so that | f(Z+h)—/(Z)|<« when ¢<8, where « is 
arbitrary. 

Now 


Zh 
ke {b(Z+)—4(Z)=h [fede 
=i Yim 3 f(Z+ hy). Geni B®), 
r=1 


> @ 


where hy” =0, Ans =h; it bemg supposed that the points 4,) are 
chosen in the same way as the points z,) in § 10 of Chapter II. 
Therefore 


4h (Z+ 0) (Z)} F(Z). 
=| lim 3 F(Z + he) « ley — he) —h F(Z) 3 (Ppa a) — Ry) 
No T=1 re 
=| tim 3 (Zh) -F(Z)} leva 1) 


nu >So T= 


1 This condition is satisfied by most curves which occur in practice. 
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n 
< [A] lim 3 | LF(Z+ A) F(Z) | «| oral — Bo | 
No r=1 


| h-2)€ S |Bpal — fy]. 
r=1 
But, by the lemma of § 9 
[B2] S| Aya — hel | < hy 
r=1 
so that |b (Z +h) -b(Z)—-f(Z) | <he, 


since ¢ is arbitrary and & is fixed, it follows from the definition of a 
limit that 


a 


20. Uniform differentiability implies a continuous differential 
coefficient, and the converse. 

Let f (z) be uniformly differentiable throughout a region ; so that 
when « is taken arbitrarily, a positive number 6, independent of z, 
exists such that 


IP (2) SF (2) - (2% -2)F"(@) | Sb €l 2-2, 
whenever | 2’ — z| <6 and z, 2’ are two points of the region. 

Since | z—2'| <6, we have 

IF (2) SF (#) - @-2)F" (2) |< del 2-2 |. 
Combining the two inequalities, it is obvious that 
[2 —2) f' (2)-S’ @hl Stele -z|+hel2—2] 
and therefore If’ @)—S' @|l<« 
whenever |2’—z| <8; that is to say, /’ (z) is continuous. 

To prove the converse theorem, let /’ (z) be continuous, and there- 
fore uniformly continuous, in a region; so that, when « is taken 
arbitrarily, a positive number 8, independent of z, exists such that 

'@)-F' @IS 46 
whenever | 2’ —z| <6. 

Consider only those points z whose distance from the boundary of 
the region exceeds 8; take |z- Z| < 8. 

Then since /(z) is differentiable, to each point ¢ of the straight 
line joining z to Z there corresponds a positive number 8, such that 

UO) -£O-(C- OF Ols 810-4 


whenever | ¢’—¢| <6, and ¢ is on the line 2Z. 
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By Goursat’s lemma, we may divide the line zZ into a finite 
number of intervals, say at the points £ (=z), Gy Cee Sn, Saat (7), 
such that there is a point z, in the rth interval which is such that 

IF) —P (er) — (2 ee) F" (er) |S d€|f- 2 |, 
for all points ¢ of the interval. 

Therefore /(£-)—/S (@r) — (6 — 2r)S” (Zr) = Ur (Gr — 2); 

Pie —S e) == Sr) I! (Zp) =U, (Cra — 2r)s 


where |v,|<4de, |v,’ |< $e. 
Also, since |z,—2| <4, 
S' ee) =f") + 1s 
where || < de. 


Therefore Fit —f (4) its (f,. na oe ae (Zr) 
= Yr ( a C.-1) + Up (e ¥ Zr) — Uy (G1 = Ry). 
Taking r=1, 2, ...2+1 in turn, and summing we get 
f(Z)—f (2) - (4-2)F' ©) 
n+1 n+1 : 
= = Yr kG = 6) az = {u, (6, > Zr) — vy, (Gay a Zn). 


But, since the pomts 4 (= 2), 4, G, 2--- Gi, Zr. Gsi(=Z) are m 
order on a straight line, 


"3 (1G—a)|+Ga-4)[}=|Z-21, 


andso |f(Z)—/(z)-(Z—2)/' (2) | <3¢|Z—2|+2€|Z—2|, 
whenever |Z—z|<6 and the distance of z from the boundary of the 
region does not exceed 8. Therefore, if /’ (z) is continuous throughout 
a region, f(z) is uniformly differentiable throughout the interior of 
the region. 

The reader will find no difficulty in proving the corresponding 
theorems when /(z) is uniformly differentiable or when /’ (2) is con- 
tinuous, and z is, in each case, restricted to be a continuous function of 


a real variable ¢. 


CHAPTER V 


THE CALCULUS OF RESIDUES 


§ 21, Extension of Cauchy’s Theorem.—§ 22. The differential coefficients 
of an analytic function.—§ 23. Definitions of pole, residue.—§ 24. The 
integral of a function round a closed contour expressed in terms of the 
residues at its poles.—§ 25. The calculation of residues.—§ 26. 
Liouville’s Theorem. 


21. Let Che a closed contour and let f(z) be a function of z 
which is continuous throughout C and its interior, and analytic inside 
C. Let a be the complex coordinate of any point P not on GC. Then 
the extension of Cauchy's theorem is that 


J { FO) Gan St Pie onde 
2m JC Z-—a > 
=f (a) if P be inside C ] 


The first part is almost obvious ; for if P be outside C it is easily 


proved that /(z)/(z— a) is analytic at points inside C and continuous 
on C. Therefore, by the result of Chapter III, 


Let oie 
oun dz=0. 


z—-@ 


Now let P be a point inside C. 

Through P draw a line parallel to Ox; there will be two! points 
@:, Q. on this line, one on the right of P, the other on the left, such 
that @, Q2 are on C, but no point of QQ. except its end-points lies on 


C. [The existence of the points Q,, Q2 may be established by arguments 
similar to those in small print at the foot of page 11.] 


* Points on the line which are sufficiently distant from P either to the right or 
left are outside C. Since a straight line is a simple curve, the straight lines 
joining P to these distant points meet C in one point at least, 
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4, Q divide C into two parts o,, o with the same orientations as 
C; let o,, 7, be chosen so that @,, Q. are the end-points of the oriented 
curve o,, and Q,, Q, are the end-points of the oriented curve op. 

Let the shortest distance of points on C from P be 8,; choose 8 so 
that 6<8,, 8<1 and 

| F(z) —f (a) — (2 - a) f' (a) |S e|z-a| 
when |z—a| <4, where « is an arbitrary positive number; draw a circle 
with centre P and radius r (< $ ; 

Let Q,Q, meet this circle in P,, P,; let the upper half of the circle, 
with the orientation (a—7, a+7) of its end-points, be called B,, and 
let the lower half of the circle, with the orientation (a+7, a—r) of its 
end-points, be called B,. 

Let the circle, properly oriented, be called C;, so that the orienta- 
tions of B, and PB, are opposite to that of C;. 

Proofs of the following theorems are_left to the reader : 

(i) oo, QP», B, P,Q, form a closed contour, C,, properly 
oriented. 

(ii) o, MP:, B,, PQ. form a closed contour, ©, properly 
oriented. 

(iii) P is outside C, and CQ. 

(iv) f(z)/(2—a) is analytic inside C, and @,; and it is continuous 
throughout the regions formed by C,, C, and their interiors. 


Now consider 
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The path of integration consists of the oriented curves 0, 02, 
PiQ:, Pi, PoQe, Q2P2, Bi, Bs. 

The integrals along the oriented curves o,, 7, make up the integral 
along C. The integrals along the oriented curves P,Q,, QP, cancel, 
and so do the integrals along the oriented curves P,@., QP»; while the 
integrals along the oriented curves &,, B, make up minus the integral 
along the oriented curve C;, since the orientations of B,, B, are 
opposite to the orientation of C;. 


Hence 


f@ n4f 40 4-[1@u TA) 5 
a 


C, 2-4 C, B— Cz-a C3 7—a 


Now /(z)/(z—a) is analytic inside C, and C, and is continuous 
throughout the regions formed by C,, C, and their interiors. Hence, by 
§ 17, the integrals along C, and C, vanish. 


Hence? i F() dz= I. F(2) dz. 


Z-a z-a 
Let J (2)-F (a) (2-4) f' (a) =» (2-4), 
so that, when z is on Os, |v|<«. 
Then 
d 


. I (2) dz =/(a) |, = +f’ (a) fe dz + Jo, 242 


C,2-4a 


But, since (; is a closed curve, iP dz=0, by Theorem III of § 13. 
3 


dz <a : 
To evaluate . Zag? Put z=a+r(cos6+isin 6); 6 is a real 
3 


number and is the angle which the line joming z to a makes with 
Ox. Consequently, since a is inside C3, 6 increases by 24 as z de- 
scribes C,. 

Hence, by the result of § 18, 


dz [a 


C32—-@ — J, cos 6+7sin 6 
= Dae, 
Theref L©) ge ani f(a) = 
nerefore mend dz —27i f (a) C, vdz, 


> This result may be stated ‘The path of integration may be deformed from 
C into C3 without affecting the value of the integral.”’ 


DDN as 7 
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< iE | vdz | 


2) de Qi f (a) 


so that iz 


Putting z=a+r(cos¢+7sint#), we get® 


n 
a |dz|= hm & r| {cos 4.) +2 sin ¢,.4: — cos ¢, —7 sin 4, |, 


>on r=0 


where En) <tr), t= to, tral” =f) + Qa, 
n 
so that | dz | = lm 3S 29% | sin 1 iat? ES t,(") | 
C3 n>o r=0 2 


nu 
< lim 5% 2r.} (1. -¢%) 


nr >o r=0 


< 2rr. 


Hence Pe oe dz —27i f(a) 


is less than 27re, Shee r <1 and eis arbitrarily small. Consequently 
it must be zero ; that is to say 


J LE) ay = 277i f (a). 


22. Let C be a closed contour, and let /(z) be a function of z 
which is analytic at all points inside C and continuous throughout C 
and its interior ; let a be the complex coordinate of any point inside C. 


Then f (z) possesses unique differential coefficients of all orders at a ; 


af(a)_ i (Fle) 
Loa nv! z 
fi es dz. 


da” —-2@wt ayer 


All points sufficiently near a@ are inside C; let 3 be a positive 
number such that all points satisfying the inequality |z—a|<26 are 
inside C; and let h be any complex number such that || < 6. 


Then, by § 21, 
F(a)= gh, [2 ae 
Oni loz-a” 


flarh=sh [LO ae 


3 The notation of Chapter II is being employed. 
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Therefore 
f(a+h)-f(@)_ 1 ( f@ 2g _ 4 jf J (8) 
is Qrt Io (z-ayP 2m Je (z—a@)? (z= -a—h) ~~ 


Now when z is on @, 
|z—a|>28, |z-a—h|>8, and* | f(z) < A, 
where X is a constant (independent of 4 and 8). 


Hence, if Z be the sum of the variations of z and y on C 


| f J (2) ke F(z)de___ 

: c (z-—a? (<a ges 1 Yemen ame 
<AL 
arte 

Therefore WP 
J (@+h)—f (a Ray ee sO 
h Qari ee = 
where |u| <|k| KL/(87r8). 


Hence, as A ~0, v tends to the limit zero. 


Therefore lim £{¢*+4) ~#@) 
h—>0O h 


f@) gp. ayaa! 
fe eer dz; that is to say, 


1 

272 
jaf (a 2 ar = = ee - 

The higher differential coefficients may be evaluated in the same 


manner ; the process which has just been carried out is the justification 
of ‘differentiating with regard to @ under the sign of integration’ the 


equation 
1 F (2) 
F(a = an 2Qri i= -- a 
If we assume that Las @) exists and 


i F(a) _ x! J (2) 
ed ees ee (6), 


* On C, the real and imaginary parts of f (z) are continuous functions of a real 


variable, ¢; and a continuous function is bounded. See Hardy, A Course of Pure 


Mathematics, § 89, Theorem I. 


<a 


en Pm, es We 


ata Le 
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a similar process will justify differentiating this equation with regard 
to @ under the sign of integration, so that 


ee Oe (6.4). 


da" Qi 


But (6) is true when x=1; hence by (6a), (6) is true when n =2; 
and hence, by induction, (6) is true for all positive integral values of n. 


23. Derinirions. Pole. Residue. Let f(z) be continuous 
throughout a closed contour C and its interior, except at certain points 
hy, Ur, «+» Gm, inside C, and analytic at all points inside C except at 
INT a oe 


Let a function y (z) exist which satisfies the following conditions : 


(i) w(z) is continuous throughout C and its interior, analytic at 
all points inside C. 


(ii) At points on and inside C, with the exception of a, az, ... Gm, 


S(2= (z+ = A da ta ae ee (7), 
bi,» bs, Dnysr 
pure ee a Oa ate Gane 


Then f(z) is said to have a pole of order , at the point a,; the 
coefficient of (z—a,)~?, viz. b,,,, is called the residue of f(z) at a,. 


It is evident by the result of Chapter III that 
[,¥@de=0; 
so that, by (7), I. f@de= 2 fs by (2) de. 
24. This last equation enables us to evaluate ip F(z) dz; for 


consider i ¢,(z)dz. The only point inside C at which ¢,(z) is not 
analytic is the point z=a,. With centre a, draw a circle C” of positive 
radius p, lying wholly inside C’; then by reasoning precisely similar to 
that of § 21, we can deform the path of integration C into C” without 
affecting the value of the integral, so that 


Ap >, (2), dz= ie , (2) dz. 
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To evaluate this new integral, write 
z=d,+p(cos8+7sin 9), 
so that 6 increases by 27 as 2 describes C’; as in § 21, if a be the 
initial value of 6, 


9 br (2) da= I Ps Ney Lema Cees Oy ae 


Ny 


at2r 
a5 ne *é | feos (n—1) 6—isin (n—1) 6} dO. 
1 a 


n= 
Now it is easily proved that 
a+27 ‘ 
i C08 9 d0 = 0, 
eager 30 
if m is an integer not zero. 
a-+27 rf ¥ 
Therefore Le $, (Zz) dz = I by, tdO = 277i by,» 
Therefore finally, 


[,f@a= 3 [6 @a 
= 2ire 3 By 
r=1 


This result may be formally stated as follows: 


If f(z) be a function of z analytic at all points inside a closed 
contour O with the exception of a number of poles, and continuous 


throughout C and its interior (except at the poles), then c J (2) dz ts 


equal to 2i multiplied by the sum of the residues of f(z) at its poles 
inside C. 

This theorem renders it possible to evaluate a large number of 
definite integrals ; examples of such integrals are given in the next 
Chapter. 


25. In the case of a function given by a simple formula, it is 
usually possible to determine by inspection the poles of the function. 

To calculate the residue of f(z) at a pole z=a, the method 
generally employed is to expand /(a+t) in a series of ascending 
powers of ¢ (a process which is justifiable’ for sufficiently small 
values of |¢|), and the coefficient of ¢ in the expansion is the 
required residue. In the case of a pole of the first order, usually 


5 By applying Taylor’s Theorem (see § 34) to (z-a)" f(z). 


Ai See ee CNS AN 
\! a 4 7 
PAN 


ate 
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called a simple pole, it is generally shorter, in practice, to evaluate 
lim (z— a) f(z) by the rules for determining limits ; a consideration of 
ZS>a 


the expression for /(z) in the neighbourhood of a pole shews that the 
residue is this limit, provided that the limit exists. 
26. Liovvitie’s THrorem. Let f(z) be analytic for all values of 
z and let |\f(z)|<K where K is a constant. Then f (2) is a constant. 
Let z, 2’ be any two points and let C be a contour such that 2, 2’ 
are inside it; then by § 22 
ee tot fad Tie cos, (avec 
F@)-F = 55 |g {gp - Fa FO Hs 


take C to be a circle whose centre is z and whose radius is p > 2 |2'—z|. 
On C write €= z+ pe; since | €—2'| >4p when € is on C, it follows that 
He File) al alee OL) | 
@)-#@l=|5 |p gays & 
1 f|2’-—2|.K 
2m Jo 2P 
<2|2’-—z|Kp-. 


dé 


This is true for all values of p>2|2'—z}. : 
Make po, keeping z and 2’ fixed; then it is obvious that 
tT (z)—f (2 =0; that is to say, f(z) is constant. 


CHAPTER VI 


THE EVALUATION OF DEFINITE INTEGRALS 


§ 27. A circular contour.—§ 28. Integrals of rational functions.—§ 29. In- 
tegrals of rational functions, continued.—§ 30. Jordan’s lemma.— 
§ 31. Applications of Jordan’s lemma.—S 32. Other definite integrals.— 
§ 33. Examples of contour integrals, 


27. Iff(2, y) be a rational function of x and y, the integral 
2r 
i f (cos 6, sin 6) dé 
0 
can be evaluated in the following manner : 
Let z=cos6+/7sin 6, so that 2-1=cos 6—7sin 6; then we have 
\s cA a1 = a [" ] 
LAG (+2), 5,(e- | & = |" f(cos8, sin 6) dd, 


wherein the contour of integration, C, is a unit circle with centre at 
z=0. If/(cos 9, sin 6) is finite when 0 <6@< 2z, the integrand on the 
left-hand side is a function of z which is analytic on C; and also 
analytic inside C except at a finite number of poles. Consequently 


Qn 
i J (cos 6, sin @) dé 


is equal to 277 times the sum of the residues of 


‘ 1 1 
Soya) Se Sinead eel i i 
i {5 (2+27), aj (e-2 )} 
at those of its poles which are inside the circle |z| = 1. 


ar do Qr 3 : : 
Example. ip atbone Sas B)? that sign being given to the 


radical which makes \a— ./(a? — b*)| <|b|, it being supposed that alb is 
not a real number such that’ —1 <a/b <1. 


1 Apart from this restriction a, b may be any numbers real or complex. 


ee ee a 


Sewn ye NeeNC 


7.45 
yy 


he 8 AS Poe 
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Making the above substitution, 


(a 2 ae 
Jo @+beoosd ilo bz + 2az+b 


2 [ dz 

tb Io (@—a)(z—B)’ 
where a, £ are the roots of bz?+2az+b=0. The poles of the integrand 
are the points z=a, z=. 

Since |a8|=1, of the two numbers |a|, |8| one is greater than 1 
and one less than 1, unless both are equal to 1. If both are equal to 1, 
put a=cos y+7sin y, where y is real; then B=a-!=cosy—isin y, 80 
that 2a/b =—a-—B=-2 cosy, i.e. —1 <a/b <1, which is contrary to 
hypothesis. 

fa et J/(e— b) pies /(a? — b*) 

b ; b 
to the radical which makes |a— ,/(a?—6*)| <|b|; so that |a| <1, |B|>1; 
then z=a is the only pole of the integrand inside C, and the residue of 


{(2-a) (z— B)}"? at z=a is (a- B)7. 


, that sign being given 


ar | dO Care 1 
Therefore [ ET ore 0 = ary a x a8 
a Qr 
See): 


28. If P(x), Q(x) be polynomials in x such that Q (a) has no real 
linear factors and the degree of P (x) is less than the degree of Q(x) by 


at least 2, then? tha Q an) dx is equal to 27i times the sum of the residues 
of P(2/Q(2) at those of its poles which lie in the half plane above the 


real axis. 
Let P (a) =Q)2" + Ga") + 0. +n, 
Q (2) = bya + bya" + «2 + Om; 
where m—n>2, 4) +0, bo +0; choose r so large that 


|a,| Pa || lan] < 
7 


: a te € |ao|, 
lal, |Bo| [onl < 11g : 
and ae ia ad < 5 [bo]; 


2 The reader will remember that an infinite integral is defined in the following 


manner: if [ ‘ f (x) dz=g (R), then | F (x) da means lim g (R). 
Je a R>x 
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: ane a On 
then if |zj>7r, |2"P(2\|= lap Ss 
|, | | @n| 
< | o| + n 
€ 2\a|, 
ae ok b 
and |e" Q (2)| 2 |bo| —|5 + B+ +h 
so DS Da 
, r Pea 
> 4 |dol, 


so that, if |z| >7, then |z"-" P (z)/Q (z)| <4 |a@oby 3I. 

Let @ be a contour consisting of that portion of the real axis which’ 
joins the points —p, +p and of a semicircle, I, above the real axis, 
whose centre is the origin and whose radius is p; where p is any number 
greater than r. 


Consider Lae 8 > dz; this integral is equal to 
e P() P (2) 
A da+ | =< dz. 
J-p Q (2) r Q@) 


Now P (z)/Q (z) has no poles outside the circle |z|=7; for outside 
this circle | P (z)/Q (z)| $4 |a)bo? | r"-™. 


gee) P@) 
Therefore dz + dz 
-e Y (2) +f, Q (2) 
is equal to 277 times the sum of the residues of P(z)/Q (z) at its poles 
inside C; i.e. at its poles in the half plane above the real axis. 
Barthes, putting z=p (cos 6+7sin 6) on I, 


aa |= FP (008 8 + i sin 6) idé 
P) 
<{" oe pdo 


< I A |ayby2"-"| pd 
< 4a |aobo~}| pe. 


Since n-—m+1<-1, lim Et) 


home Pe eT dz=0. 


re INN NY ee 


My ks \ had TORY apy mA ene 


ee WA 


ee NS 


28] THE EVALUATION OF DEFINITE INTEGRALS 57 
: ee tz) . fo P (a) 
But?® lg ss > 
iE kee ‘he aw: 


r 5 aise 
=— lim ie (2) dz+27iSry, 


p=» Jr Q (2) 


where 37, means the sum of the residues of P (z)/@ (z) at its poles 
in the half plane above the real axis. 


Since it has been shewn that lim P() sae =(), this is the theorem 


pao Jt Q (2) 


stated. 


Example, Ifa>0, | mo <n 
J-o(V+@P 2a 
The value of the integral is 247 times the residue of (2+a%)-? at ai; 
putting z=ai+i, 
1 a 1 


(@+a =A (Qatt+te 4p ~ a8 iat terms which are finite when ¢=0. 


The residue is therefore —7/(4a*); and hence the integral is equal to 
m|(2a°). 


If @() has non-repeated real linear factors, the principal value* 
of the integral, which is written P [3 ee os dx, exists. Its value is 


Q7i times the sum of the residues of eae (z) at those of its poles 
which lie in the half plane above the real axis plus wi times the sum of 
the residues at those of the poles which lie on the real axis. 

To prove this theorem, let a,’ be a real root of Q(x). Modify the 
contour by omitting the parts of the real axis between a@,'’—6, and 
a, +6, and inserting a semicircle 7,, of radius 6, and centre a,, above 
the real axis; carry out this process for each real root. When a 
contour is modified in this way, so that its interior is diminished, the 
contour is said to be indented. 

The limit of the integral along the surviving parts of the real axis 


when the numbers 6, tend to zero is P ie O(a) dx. 


“oC 
3 Since lim | exists, it is equal to lim 
p,c—a J—p pan J—p 


4 Bromwich, Theory of Infinite Series, p.415. The use of the letter P in two 
senses will not cause confusion. 
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If r,’ be the residue of P(z)/Q(z) at ay, the integral along the 
semicircle y, is — aS (z—a,’) id0, where z=a,'+6,e%, and this 
tends to — 77," as 3, +>; hence 

Pig Q(a) Te) ae — Tt lr, =2ri Sry. 
29. A more interesting hala than the last is Q(a) dx, 


where P (x), Q(a) are polynomials in w such that @ (x) does not vanish 
for positive (or zero) values of z, and the degree of P () is lower than 


that of Q (#) by at least 2. 
The value of this integral is the sum of the residues of 
log (— z) P()/@(@) 
at the zeros of Q(z); where the imaginary part of log (—2) les 
between +iz. 
[The reader may obtain the formula for the principal value of the integral 


when Q (#)=0 has eee positive roots. ] 
Be taken round a contour consisting of 


Consider log (- aye Q(z) 


the arcs of circles of radii® #, 8, and the straight lines joining their 
eS On the — circle — z= Re® (-z<@<7); on the second 
circle —z=6e%(—r<@<-7). And log(—z) is to be interpreted as 
‘log |z Lon (-2), ae —7a<arg(—z) <7; on one of the straight 
lines joming 6 to #, arg(—z)=7, on the ae arg (— )=-7. 


(The path of integration is not, strictly speaking, what has been 
previously defined as a contour, but the region bounded by the two ares 
> In future, the letter R will not be used to denote ‘ the real part of.’ 
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and the straight lines is obviously one to which Goursat’s lemma 
and the analysis of Chapter III can be applied.) 

With the conventions as to log (— z), log (— 2) P (z)/Q(z) ts analytic 
inside the contour except at the zeros of Q(z). 

As in § 28 we can choose f, and 4, so that |2?P(z)/Q(z)| does 
not exceed a fixed number, A, when |z|=R>R,, and so that 
|P (2)/Q (2) | < K when |z| =8<8,; where K is independent of Sand R. 

Let the circle of radius R be called T, and the circle of radius 8 be 
called y; let ¢, c, be the lines arg (— z) = —7z, arg (—z)=7. 

Then the integral round the contour is 277 times the sum of the 
residues of log (—z) P (z)/Q(z) at the zeros of Q(z) (these are the 
only poles of the integrand within the contour). 


But the integral round the contour = | + | ~ + | : 
JD /¥ ct 


Paz}, 
Q (2) dé 


2 ‘os |dog R+i6)| KR d6, 


Nat if, i<f". ee BOSE 


which +0 as oe since R-log R+0 as Rox. 


[ls [oss 20% 


d6, where z = de® 


So also 


a i log 8 + 16| K8d8, 


which tends to 0 as +0, since 6 log +0 as 60. 


Put — z= w2e-* on G, —2 = re On &. ee 


[Loeb 


= i (ix — log x) oa dx, 
and (le (ix + log ae 2 ae. 


Hence 277 times re sum of the residues of log (— z) P (z)/Q(¢) at 
the zeros of Q(z) 


= in {fh Ges giayans [erin ngar} 
Baro” 


which proves the proposition. 
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The interest of this integral lies in the fact that we apply Cauchy's 
theorem to a particular value (or branch®) of a many valued function. 

If P (az), Q(x) be polynomials in 2 such that @ (x) has no repeated 
positive roots and Q(0)+0, and the degree of P (2) is less than that 
of Q(x) by at least 1, the reader may prove, by integrating the branch 
of (- 2)" P (z)/Q (z) for which | arg (—2) |< round the contour of 
the preceding example and proceeding to the limit when +0, R><, 
that, if 0<a@<1 and a* means the positive value of a’, then 


ae P (a) : 
Pi gist dx = cosec (ar) Sr — x cot (a7) S27, 
where 37 means the sum of the residues of (— z)*-! P (z)/Q (z) at those 
zeros of Q(z) at which z is not positive, and 37’ means the sum of the 
residues of 2-1 P (x)/Q(a) at those zeros of Q(#) at which @ is 
positive. When Q(z) has zeros at which z is positive, the lines ¢, ¢ 
have to be indented as in the last example of § 28. 
Examples. If 0<a<1, 
ao at Tr [ ge 


—— dz =7 cot az. 
Jo 1-2@ 


[== 45 
0 1+z sin @7r 
30. In connection with examples of the type which will next be 
considered, the following lemma is frequently useful. 


Jorpan’s Lemma’, Let f(z) be a function of z which satisfies the 
following conditions when |\z|\>e¢ and the imaginary part of z is not 
negative (c being w positive constant) : 


Gi) f(z) és analytic, 
(i) |f(2)| +0 uniformly as \z|—> «x. 


Let m be a positive constant, and let T be a semicircle of radius 
Ri (>), above the real axis, and having its centre at the origin. 


Then lim (, on™ f(z) dz) =0. 


R->0o 


If we put z= (cos6+7sin 6), 6 increases from 0 to 7 as z de- 
scribes IT. 


Therefore if e* f (2) dz = [ ” 20 (2) id, 


§ Forsyth, Theory of Functions, Chapter vm. 
7 Jordan, Cours d’ Analyse, t. 1, § 270. 


SP ee Nee ae 
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so that } [ ¢ ieee ea 


= | 2 ze" f(z) idé 
< |” lizen= $@)| a0 


pice 
< nRe - mK sin @ dé, 
/0 


where 7 is the greatest value of | /(z)| when | z| = 

In the last integral, divide the range of cen into two parts, 
viz. from 0 to 47 and from 37 to z; write 7-6 for 6 in the second 
part; then, noting that, hiss’ 0< 6< im, sm0>26/7, so that 
e-mEsiné < g- 2mR6/n, we see that 


| x aaah (z)z al ae < ank |e e-mR sin é dQ 


< 2nR ies e-2mko/7 JQ 
0 

oA = 

But 7» +0 as R~«; and therefore 


lim | [e*r@ ae|= 


R>x 


e-™E) <yrm-. 


31. The following theorem may be proved, by the use of Jordan’s 
lemma : 

Let P(x), Q(x) be polynomials in x such that Q(a) has no real 
linear factors, and the degree of P (a) does not exceed the degree of Q(x) ; 
and let m> 0. 


P (a) gmie _ 16 P(-2) 2) gn mice dx 
“ha toe Caen ls 
as ee to wiP (0)/Q (0) plus 27i times the sum of the residues of 
ae 


2 at the zeros of Q(z) in the half plane above the real axis. 


[The reader may obtain the formula for the principal value of the integral 
when @ (#)=0 has non-repeated real roots. ] 


Consider o@ aun mis U2 taken along a contour C consisting of the 


straight line joining — 2 a —6, a semicircle, y, of radius 6, above the 
real axis, and with its centre at the origin, the straight line joining 6 to 


8 If we draw the graphs y= ein = y=2za/m, this inequality appears obvious ; it 


may be proved by showing that 22" ® decreases as @ increases from 0 to $7. 
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R, and the semicircle I, where 6< 8, A> A, and 6 and # are to be so 
chosen that all the poles of P (z)/Q (z) lie outside the circle |z| = 6, and 
inside the circle | | = = 


Then I ao mia © i equal to 277 times the sum of the residues 


c@@: 


of aoe at the zeros of Q(z) which lie in the upper half plane, as_ 
may be shewn by ps similar to that of § 28. 


pat [ PQauk (fa f+ [P+ [PO mete. 


Put z=—-~2 in the first integrand, and z =~ in the third; then 
ze P(@) emia ce P (a) ginie Pe @) e—mix da 
aie + a =| ok cee fae 


Since 3 ats P (@)/Q (2) is finite, I wee 


min Ue +0 as R>o, by 


Jordan’s lemma. 


Also, putting z= de” on y, 
P(z) gniz dz [" {a (0) =e be OF im Ihe miz 7 


rQ@) @ Q (0) 
where |f @} does not exceed a number independent of z when 8 < 8). 
: P@) mig UW wie P (0) 
Hence h miz = — 
° a0 Q@) z= QO) 


Making Ro, 0 in the above formula for | P (2) emis 
Jo@@) 
result stated follows at once. 
Corollary. Put P(z)=Q(z)=1; then, if m>0, 
[ — dioxin. 


By arguments similar to those used in proving Jordan’s lemma, we 
may shew that 


Lea} 
he : vdx 
e% cos ® sin (a@ sin ba) — =1q (eae _ 
i ( ) Ser ye ( 1), 
if a>0, b>0, r>0. 


: « BOe 
Consider IL, ae ea where the contour C consists of the straight 


line joining the points — #, # and of the semicircle T, where R> 2r. 
The only pole of the integrand inside the contour is at z=77; 
and the residue of the integrand is easily found to be dee”, 
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ny : R , Baz 
Therefore ( | + | “a | ) eaet TS — migae, 
=e Jo Ie e+e 


- . . 
y In the first integral put z=—., in the second put z= 2. 
_ Then 
A 
9 {i See ae : wvdx : zdz 
ig 2 | oft 00s bx sin (a sin bx) oe ta arieue ‘J cs eae = at ; 
Jo v+7 Jp S+r 

z : 1 
‘ Now ete =~ 1 + geht + 51 i 
q =1+ae"u 

= | 2 ,2b2t 

ae ae 
4 where oe Tae : 
: ae 2 ,2b2i 
2 ie ae 
- she] 
. 


and on I, |e| =e-2Rsiné <1, abt e= - eee 6+7sin 6); so that 


9 


jol<1+a+so+ 


=e, <6 eee 


ae Nr 


Consequently, ines z=R(cos6+isin 6) on IT, 


ae bt =< } 
fe 2 a= [ (1 + ae’ w) (1 2 :) idé 


y . (7 dé i: a pote 
es, ae ae ae w = 10. 
But ee ee 


te 


and therefore 


va 


while i “ae w =~ ace ae" w a —atd6) 
0 oe ee 

< | 5ae—PRsin 4 9% JO 
pe ae” 
<3pR 8 in Jordan’s lemma. 

, zdz : 

bzi ae 
Consequently i gnen a gan tt ee, 


where lim eg=0; and therefore, by the definition of an infinite 
Raa . 


integral, 


i) 7 
: , J ada 
Zz | eeosbe gin (a sin ba 
2 ik ( ) e+r 


‘ee 
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32. Infinite integrals involving hyperbolic functions can fre- 
quently be evaluated by means of a contour in the shape of a rectangle ; 
an example of such an integral is the following : 


I © cosh az 
0 


coshza@ 


dx =4sec 4a, when —7 <a <7. 


Consider l= re er dz taken along the contour I formed by the 


rectangle whose corners have complex coordinates —f, R, L+?, 
—-R-+i, where R>0; let these corners be A, B, C, D. The zeros of 


Ren i — R+i 

D Cc 
“hi 

A 8 

ake fe) R 


cosh wz are at the points z= (+4) 7, where m is any integer; so that 
the only pole of the integrand inside the contour is at the point z= 47. 
If z=42+¢, then 

e* eva +at+ 3a +...) 


cosh 7z 2 sinh wt 


ew (l+at+t@°?+...) 


= (1+% Zag? 4 - me) 


so that the residue of e sech wz at 14 is e°”"/(mi). 


Therefore —_—— dz =2e", 
r cosh wz 


Ee az 
Now fore ee Tf +f +| +f \ de; 
r cosh wz AB BC CD DA cosh wz 


on AB we may put z= where @ is real; on CD we may put z=7+2 
where w is real; on BC we may put z= R+7y where y is real; and on 
DA we may put z=— R+iy where y is real. Therefore 


< we — R eo —R et (i +2) 
if cha is Solon fe i cosh w (7 + a) ae 
f et (R+ iy) id 0 @ a(R — iy) 
pe 2) ar Ions @R-W 


=(1 very | 


du+e 
aE Th a 


a 
Re. 
bi le eee nih. 
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7 1 a(R+iy) rl a(R—iy) 
_ where ={ ee } 
, es cosh 7 (R + iy)” a | coche hae 


4 R ase rR ax 

4 é é 0 pase 

also i de= | —S— de+{ —"— de 
_rcosh 7x Jo cosh 7a J-R cosh ra 


R Cae R —ax 
= —— d+ | —— da, 
f) cosh 7a 0 cosh7a ’ 
on writing — a for x in the second integral. 


cosh Cae 
cosh 72 


1 et (R+ty) “dl e-a@(R-ty) 
0 cosh 7 (R +ty) - i cosh=(R—iy)' 


Therefore 2e7° =2(1 +e) ik da + €p. 


Now  |er|< 


4 ie 1 |e (R+iy) | da dy aa | a(R- y)| dy dy 
¢ o [cosh (R+ ty)| o |cosh 7 (R —iy)|° 
Also |2 cosh x (R + ty)| = |em™R*™) + e- 7 (RFe)| 
> |en(R* ty) | = je-™ (R# wy) | 
> eth _ g-7k, 
i eaR 1 e-aR 
Therefore len| <|[ one dy + here ed dy 
cosh (af) 
sinh (7) 
But, if —7<a<7, lim 2 cosh (aft) =; therefore, if -7<a<z7, 
Reo sinh (rf) 
lim €rp— 0. 
R>x ; 
cosh ax 268 ep 
: f 
But me oe 7 e} is equal to 2058) and therefore 
cosh az 
fe ee da=4secla, (-7<a<7). 


33. Solutions of the following examples, of which the earlier ones 
are taken from recent College and University Examination Papers, can 
be obtained by the methods developed in this chapter. 

7 gin? 6 Qr Jeno 

. See oa a oe, b i 

1. Shew that ‘B aa i ry td i (a - Na? - 6) 


a when a>b>0. Give reasons why this equation should still be true 
(Math. Trip. 1904.) 


when a=b. 
: 5 


Wee 3 
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dx 
+e) 


when f> 0, g> 0. 
(Trinity, 1905.) 


2. Evaluate i) Gif 


3. Shew that | : Le ACY, when a>0, b>0. 


_o (G48) (224 a)! 208d (@ 4 BY 
(Whittaker, Modern Analysis.) 


4. Prove that, ifa>0, b>0, c>0, 6?-q@ez 0, then ° 


= dx T a 
I si Shige = bes as . (Trinity, 1908.) 


when @, b, ¢ are real. 


(St John’s, 1907.) 


ei dx 
5. Evaluate i Cee ICEL DICET 
6. Shew that, if a> 0, 


" Gide 4 bra/? 
0 (+e ~~ «:128a°" 


(Trinity, 1902.) 


ave 
sinh ax 
«7. Shew that | : lv =4tan4da when —- 7 <a<z. 
Jo 


sinh ra | 

‘8. Shew that ie ae Clare, 1903 : 
, a . -aub® a et (Clare, a | 

‘ | 

-9. By integrating | e-* dz round a rectangle, shew that 


| e-" cos 2at . dt =e-“T'(4), / e-® sin 2at . dt =0. 


sine { 
-10. Shew that A sop de = hx tanh de, (Clare, 1905.) 


© @ COS ax wear 
-11. Shew that i a dz = (+e when @ is real. 
(Math. Trip. 1906.) 
12. Evaluate | fia taken round the ellipse whose equation is 


@-aytyrary=0. (Clare, 1908.) 
13. Shew that, if m > 0, a> 0, : 


ma 


SIN M2 _ 7 Ne gc Ma 
I a OFS ag? * SiN 73° - (Trinity, 1906.) 
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‘ pO? as.8 

\ 14. Shew that | — dz=t7. (Peterhouse, 1905.) 

J0 

15.~-Shew that, if m >0, a> 0, 


“cosmz.da 7 . [°cosma.dx x Ere 
2 a eee VAN Se (1+). 
0 +e 2a Jo (1 +2") 4 


(Peterhouse, 1907.) 


cos" @ T zi 
Shew that A +2) daz = (1 + 3e » 
(Peterhouse, 1907.) 
Shew that, if a > 0, 
Seen tender 'Qat—a4 1-69, 
0 


; Shew that, if m>0, a> 0, 


° COs ma T - (Mb. * 
dz = —, e—maln2 sin (= + *) : 
I a+ at 2a° a2’ 4. 


Shew that, if m> 0, a> 0, 
sin? ma 


0 # (a? +2”) 


dz = as (e-°"4 — 1 + 2ma). 
(Trinity, 1912.) 
Shew that, if a> 0, 
q oe — ie = BID G+ Aes 
weet (fs \2" 6 ‘ 
(Clare, 1902.) 


” cos v7 —w# sin x a 


¥ = . . 1 A 
. Shew that I cS w= 0s (Trinity, 1903.) 


Shew that, when m is an even positive integer, 
ie sah, as Sr adee or (Jesus, 1903.) 
aera 9 2+1 snz = 
paul” 7 ; y 
23, ‘By taking a quadrant of a circle indented at ai as contour, 
w that, if m>0, a> 0, then 
[CLR ME AORN ME 5 pem=7;(6=m4). (Schidmilch.) 
v- 0 e+e 
lis (2**) ig defined by Bromwich, Infinite Series, p. 325.] 
a 5—2 


(Math. Trip. 1902.) 


(Trinity, 1907.) 
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24, Shew that, if m>0, c> 0 and a is real, 
ik sinm(a—a) dw 7 


2a + G+e 


Ome , 
{1 F (¢ cos ma —a sin ma)} ; 


(Trinity, 1911.) 
25. Shew that, if m>n>0 and a, b are real, then 
” sin m(a—a) sin n (a — 5) aS on n (a—b) 
i oe “-a a—b a—b ‘ 


(Math. Trip. 1909.) 


26. Shew that, if 0<a@<2, then 


a prea 
i SN SU da=hna—ina’. (Legendre. ) 
0 x 
27. Shew that tes i = ? da= 2a, (Legendre. ) 
0 


28. By using the contour of § 29, shew that, if —1<p<1 and 
—m7<XA<zm, then 


a-?dx _ om sinpaA 
0 1+2¢cosA+2” sinpm sind’ 


(Euler. ) 


29. Draw the straight line joining the points +7, and the semi- 
circle of |z|=1 which lies on the right of this line. Let C be the 
contour formed by indenting this figure at —7, 0,7. By considering 


I 2" (2+ 271)" dz, shew that, if n>m->-1, then 
c 


dr : r 1 
| : é""® cos” 6 dé = 2'-™ sin} (m — m) + | g-8 (TP ae 
re 0 
Deduce that*® 


am aT (m+1) 
m (A) ae 5 
I Send cass ee 2" TD (m+ 3n+1)l 4m—in+1)’ 
and from the formula cos (z+ 1) 6+ cos (n — 1) 4 = 2cos 6 cos 26, estab- 
lish this result for all real values of 2 if m>—1. 


30. By integrating | e-*dz round a rectangle whose corners are 
0, Rk, R+ ai, ai, shew that 
oe a 
i e-" sin 2at. dé= of e” dy. 
0 0 


® The result I (a) T (1-a)=z cosec am, which is required in this example, may 
be established by writing x=¢/(1-t) in the first example at the end of § 29, when 
0<a<1, and making use of the value of the first Eulerian integral ; it may be 
proved for all values of a by a use of the recurrence formula I (a+1)=aT (a). 
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31. Let Q(z) be a polynomial and let the real part of a be 
numerically less than 7. By integrating feo See dz round a 


osh z + cos a 
rectangle, shew that 


‘oo Q(a+7t)—Q(a- sD eis 


cosh a + cosa 2m cosec a {Q (az) — Q (—ai)}. 


Deduce that 


3 adaz . ; 
b cedre msg = te a (a — 0°) (Ta! 80") cose a. 


32. Let T, be a contour consisting of the part of the real axis 
joining the points + #, and of a semicircle of radius R above the real 
axis, the contour being indented at the points nz/b where n takes all 
integral values and b> 0; also let bR/z be half an odd integer. Let 
T, be the reflexion of T’, in the real axis, properly oriented. 


Shew that, if —b<a<b and if P(z), Q(¢) are polynomials such 
that Q(z) has no real factors and the degree of Q(z) exceeds that of 
P (z), then 


Dale 2) 11; mea NT 
oa Q(z) i plim{ {aie O(a) @ 


lenae * 


where the limit is taken by making R +o and the radii of the 
indentations tend to zero. 


P() 
« Sinby Q(@) 
where 7 means the sum of the residues of the integrand at its poles 
in the upper half-plane and 3” the sum of the residues at the poles in 
the lower half-plane. 


Deduce that P [.< dx = i (Sr - Sr’), 


33. Shew that, if —b<a <4, then 


sinaw dw _,_ sinha ls cosa” xdx _ 4 _cosha 

i sinbe l+a® 7 sinhd’ o sinbel+a*? 7 sinhb’ 
“sinaw dv  _, sinha [ead de _, cosha 
i cos ba #(1+2*) * coshb’ 0 cosbv1l+a? 7 coshd’ 


(Legendre, Cauchy.) 
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34. If (Qm—1)b<a<(2m+1)b and m is a positive integer, 
deduce from Example 33 that 


af sinaz dx _, cosh(a—2mb)—e% 
o Sindee L447 <* sinh b 


and three similar results. (Legendre. ) 


dx 
oe + 2?) cosh (27a) — 


35. Shew that = log 2. 
(Math. Trip. 1906.) 


_ [Take the contour of integration to be the square whose corners 
are + NV, +N+2N, where J is an integer ; and make V>~.] 


The results of Examples 36—39, which are due to Hardy, may be 
obtained by integrating expressions of the type . 


[ en dz 

J1+2pe? +e z+%a 

round a contour similar to that of Example 35. In all the examples 
a and 6 are real; and, in Examples 36 and 38, — 7 <8<z, 


36 ig 1 dz _—- 26m 3 1 
"Jo cosh a+cosda?+a2? asind p20{(Qn+1)7+a}?- 
Deduce that 


[ Mala STE ee ae | 
o cosha+cosdm+a* Ssind 4sin?id° 


e is 1 dy _ %8r 1 
"Jo cosh a + cosh8 a?+ a? sinh 8 ,=9{(2n + 1) 7 + a}? +8?’ 


[aowhae do __s gC @nt et 
0 cosh a+cosh 8a?+a* a cosh 38 nro {(Qn+1)7r+a}?+ o 


fe cosh + a dx 7 & (-)*{(QQn+1)7+a} 
38. ion 1) xan 
o cosh a+ cosda?+a®  acost ¥On=0 {((2n+1)7+a?— 


Deduce that 


[ dex aay ised 
Jo ae (a? + 2”) 148 ee. 


a Pf saul de +1 Le 
-» sinh a—sinh 724+ 22 cosh d sya ts}- a 


Cee he a ee 


ie ee eh 


a 
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40. Shew that, if a>0, m>0,-1<r<1, then 


[ “ x2da sin 2ax ig 
0 m+2?>1—2rcos2ax+72 FM /_? 


[ * eda sin az 1 3 em 
Jo m+ x? 1—2r cos 2ax+7r? (1+71r) (e" — r)* 

Shew that, if the principal values of the integrals are taken, the 
results are true when r=1. (Legendre. ) 
taiz 


41. By integrating | = dz round the rectangle whose corners 


— 
are 0, Ak, +7, i, (the rectangle being indented at 0 and 2) shew that, 
if a be real, then 


za 
sin az 
I 1 dx =} coth (4 a) -—4.a7. (Legendre. ) 


42. By employing a rectangle indented at +7, shew that, if a be 
real, then 


ae 
[ sInae 7 147 — i cosech (4.4). (Legendre. ) 


43. By integrating i e-A# zr-1 dz round the sector of radius # 


bounded by the lines arg z=0, arg y=a<4z7, (the sector being in- 
dented at 0), shew that, if A>0, n> 0, then 


ao 
[ gn! g-dxeos'a eos (Ag sin a) dw =A-"T (mn) cos na, 
0 


ao 
| gr] g-Arcose sin (Ax sin a) daz = A-"T (m) sin na. 
0 


These results are true when a=4}7 if n<1, 
Deduce that 


[ * cos (yA) dy =f arCnaeee (Ealer.) 


44. The contour C starts from a point & on the real axis, 
encircles the origin once counterclockwise and returns to &. By 
deforming the contour into two straight lines and a circle of radius 6 
(like the figure of §29 with the large circle omitted), and making 
§ > 0, shew that, if > 0, (where €=£ + in), and —7 < arg (— 2) ton @, 
then 
iim i (=2)6-1 e-# dz = — 2isin (7. T(O. 
ats (Hankel, Math. Ann. Bd. 1.) 
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45. If I'(f) be defined when <0 by means of the relation 


Tl (€+1)=£1 (6, prove by integrating by parts that the equation of | 


Example 44 is true for all values of ¢ 


46. By taking ‘@ parabola, whose focus is at 0, as contour, shew 
that, if a> 0, then 
T= 


Qas e& 


e- (1 + #)$-4 cos {2at + (26-1) arc tan ¢} dt. 
sin rf Jo 


(Bourguet.) 


47. Assuming Stirling’s formula”, namely that 
{log T (2 + 1) —(z +4) log z+2— log 27} + 0 
uniformly as |z|—~ ©, when —7 +6 <arg z<7-—6, and 6 is any positive 
constant, shew that, if — 37 <arg (— 4) <}7, then 
1 pnates 1 f-atei (0% dz 
af T(-2)(-$% d=- = (— oF : = 6, 
—a— ct 


Q77 Qi J_qg—o¢ T (¢+1) sin wz 


where a@>0, and the path of integration is a straight line. (The 
expressions may be shewn to be the sum of the residues of the second 
integrand at its poles on the right of the path of integration.) 

(Mellin, Acta Soc. Fennicae, vol. xx.) 


48. Let C be a closed contour, and let 
F(a) = WH (@- ar)" 6 (2) 


where the points a, are inside C, the numbers 7, are integers (positive 
or negative), while ¢ (z) is analytic on and inside C and has no zeros on 
or inside C. Shew that, if 7’ (z) be the derivate of / (z), then 


J’ () . 
A any dz= = 2 Mr (Cauchy.) 

49. By taking the contour C of Example 48 to be a circle of 
radius #, and making & ~ «, shew that a polynomial of degree » has 
n roots. (Cauchy. ) 


Qqri 


50. With the notation of Example 48, shew that, if ¥(z) be 
analytic on and inside C, then 


aa |, Y (2 Je dz= 3 oo. W (a,). (Cauchy.) ‘ 


10 Stieltjes, Liowville’s Journal, t. rv. 
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CHAPTER VII 


vie 


EXPANSIONS IN SERIES 


\ 


§ 34. Taylor's Theorem.—S 35. Laurent’s Theorem. 


34. Taytor’s THeorEM. Let f(z) be a function of z which is 
analytic at all points inside a circle of radius r whose centre is the 
point whose complex coordinate is a. Let & be any point inside this 
circle. 

Then f(©) can be expanded into the convergent series : 


S(O=f (a+ (C-a)f' (a) + 5 -O8s"(a)+ wet (6-a)" f(a) + ae 
where f"™) (a) denotes — ee Ae : 


Pe Es 


Let |€—a|=6r, so that 0< <1. 
Let C be the contour formed by the circle |z-—a|=6'r, where 
6<6 <1; let 6/0’ =6,, so that Bene eee! then by § 21, 


fO=55 | Sac 
=e: af cae (1 ae de 


~ Ori c 2-4 


Qt 


: 1 T( ) (¢-ap a) pi a)", (€- Ga . be 
~ Oni loz = (i+é zZ—-a corks (2- aoe (gies ay (z-a)" (2- p)a 
Bee O(c _ ays AON ary 


a a (Z- Say (2=6) iA 
ae J (2) (¢-a)" 
oe (ta) +5 | aC 
mi f(z)dz 
Qi Ic G=ayre 


=f (a), by § 22. : 


~ Qrim=o Jo (2— a. 


where Om = 
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On GC, |f(z)| does not exceed some fixed’ number K, since f(z) 1s 
analytic and, @ fortiori, continuous on C. 
Therefore 


Lf S@)C=aF? >, toa @e-a"™ | 
Qn Jo (g-a)"™ 2 4| <5 Lid Goa Xie 
1 Choi, 
Qn ihr 
< K6,"*1/(1 - 6), 
since |z—¢\=|(¢-a) -(€-a)| >|z-a|-|€-al. 


Now lim K6,"*!/(1—6,)=0, since 0 < 6, <1; and therefore 
nu Sram 


‘ 1 f(@)(¢-ay" re: 
na Qri J } c(- ay i é) dz=0; 


consequently f(f)= lim & = (€—a)™; since this limit exists it 
n>o m=0 : 


follows that the series %& ae —a)" is convergent; and it has 
m=0 : 


therefore been shewn that /(£) can be expanded into the convergent 
series : 


FO H+F C-a)+ SC-al+... + Cas 


where im =f (a) = J (@) dz 


ani |y Gaye 


35. Lavurent’s Tazorem. Let f(z) be a function of z which is 
analytic and one-valued at all points inside the region bounded by two 
oriented concentric circles (L, 1’), centre a, radii r,, ry) where ri <1. 


Let € be any point inside T and outside 1’; then f (© can be expressed 
as the sum of two convergent series : 


SQ =m + a (€—a)+a,(€-a)+... + Gm (€—a)™ + 5M 
+b, (€-a)1+b, (C-a)? +... +b, (€-ay-™ + 


where im = ~ | Gos. fe “5 im (2—a)”" f (2) dz; 


272 Jo 


the circles C, C’ are concentric with the circles T, IY and are of radii 
r, r such that ry’ <7’ <|€-—al<r<nr. 


1 See note 4 on p. 50. 
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Draw a diameter A BCD of the circles C, 0’, not passing through @ 
Let C,, C,' be the semicircles on one side of this diameter, while O,, C,' 
are the semicircles on the other side. 


4 
4 


te 7s. ek 


ho *v 
ia 


ils i ol ee 


Then C,, AB, GC’, CD can be oriented to form a contour T,; and 
C,, DC, Cy, BA can be oriented to form a contour T,; it is easily seen 
that AB, BA have opposite orientations in the two contours, as do 
CD, DC; C,, OC, have the same orientation as (; (,', C,’ have 
opposite orientations to C’; and f(z) is analytic in the closed regions 
formed by I, I, and their interiors. 


Therefore [| 7 £@ a+ hss f@) zae= Leen ie LO ae; 


the integrals along BA, AB A and so do those along CD, DC. 


But, by § 21, i LO) a, +f LO je =2nif (0); 


: 
4 


for ¢ is inside one of the contours T',, T', and outside the other. 


Therefore /()= = ES) az sper | 2 & dz. 
gE). 7, 3 =a? 
ak Qrt Ce = re a Ie pes 0 (@- (g-ay" Cf 


(¢ = aye 
“il 1 Gay? @-5 


S@Ee-ay"" 5 
= o (@-a)"*(z2- ras 


= 3 an (€-a)” + 
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By the arguments of § 34, it may be shewn that the last integral 
1 ( f@) 


tends to zero as n>; so that — 
QiJo2z—¢ 


dz can be expanded into 
co 

the convergent series = @(¢-a)”™. 
m=0 


In like manner 


L [aad [FO0-y« 


Dart Io z—E Brit o f-a a a 


nm (es — 7\e-1 
al (z) & (z-a@) 


~ Qari es (€—a)™ 


Lf f@)@=a) 9, 


dz 


+— | 7 
Qri Jo (€—a)" (f-2z) 
: ml [| S@@-ay 
3.3 by (eee 2, 
wen 9” od beagle ee 
Since, on 0’, al <1, the arguments of § 34 can be applied to 
re 
shew that the last integral tends to zero as n> ; so that 
ee Rie gc az 
Qri I@z—l” 


can be expanded into the convergent series = b»(z—a)-™”; that is 
m=1 


to say 
f= 3 an(C-am+ 3 bn (Ca) 


each of the series being convergent. 
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CHAPTER VIII 


HISTORICAL. SUMMARY 


§ 36. Definitions of analytic functions.—§ 37. Proofs of Cauchy’s theorem. 


36. The earliest suggestion of the theorem to which Cauchy’s 
name has been given is contained in a letter’ from Gauss to Bessel 
dated Dec. 18, 1811; in this letter Gauss points out that the value of 


; az~* dx taken along a complex path depends on the path of integration. 


The earliest investigation of Cauchy on the subject is contained in a 
memoir” dated 1814, and a formal proof of the complete theorem is 
given in a memoir® published in 1825. 

The proof contained in this memoir consists in proving that the 


variation of ff J (2) dz, when the path of integration undergoes a 
J(AB) 


small variation (the end-points remaining fixed), is zero, provided that 
J (2) has a unique continuous differential coefficient at all points on 
the path AB. 

The following is a summary of the various assumptions on which 
proofs of Cauchy’s theorem have been based : 


(i) The hypothesis of Goursat*: /’(z) exists at all points within 
and on 0. 


(ii) The hypothesis of Cauchy’: /’ (z) exists and is continuous. 


1 Briefwechsel zwischen Gauss und Bessel (1880), pp. 156-157. 

2 Oeuvres completes, sér. 1, t. 1, p. 402 et seq. 

3 Mémoire sur les intégrales définies prises entre des limites imaginaires. 
References to Cauchy’s subsequent researches are given by Lindeléf, Calcul de 
Résidus. 

4 Transactions of the American Mathematical Society, vol. 1 (1900), pp. 14-16. 

-5 See the memoir cited above. 
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(iii) An hypothesis equivalent to the last is: f(<) 1s uniformly 
differentiable ; i.e., when ¢ is taken arbitrarily, then a positive 8, inde- 
pendent of z can be found such that whenever and 2 are on or inside 
C and |z —2| < 6, then 

FE)L@O-@¢-2F @Is €lZ —2| 

In the language of Chapter II, this inequality enables us to take 
squares whose sides are not greater than 4/,/2 as ‘suitable regions.’ 

(iv) The hypothesis of Riemann®: f(z) =P+7Q where P, @ are 
real and have continuous derivates with respect to v and y such that 

aP_2Q@ @Q  aP 
Op. Oy > ae ey” 


These hypotheses are effectively equivalent, but, of course, (4) is 
the most natural starting-point of a development of the theory of 
functions on the lines laid down by Cauchy. It is easy to prove the 
equivalence’ of (ii), (iii) and (Gv), but. attempts at deducing any one 
of these three from (i), except by means of Cauchy’s theorem and the 
results of §§ 21-22, have not been successful; however, it is easy 
to deduce from § 22, by using the expression for /’ (z) as a contour 
integral, that, if (i) is assumed, then (ii) is true in the interior of C. 

The definition of Weierstrass is that an analytic function f(z) 
is such that it can be expanded into a Taylor’s series in powers of 2 —@ 
where @ is a point inside C. This hypothesis is simple and funda- 
mental in the Weierstrassian theory of functions, in which Cauchy’s 
theorem appears merely incidentally. 


37. <A proof of Cauchy’s theorem, based on hypothesis (i), requires 
Goursat’s lemma (which is a special case of the Heine-Borel theorem) 
or its equivalent; the apparent exception, a proof due to Moore’, 
employs, in the course of the proof, arguments similar to those by which 
Goursat’s lemma is proved. 

The hypotheses (ii) and (iii) are such as to make it easy to divide 
C and its interior into suitable regions. 

The various methods of proof of the theorem are the following : 


(i) Goursat’s proof, first published in 1884 [this, in its earliest 
form’, employs hypothesis (iii)], is essentially that given in this work. 


§ Oewvres mathématiques (1898), Dissertation inaugurale (1851). 

The equivalence of (ii) and (iii) has been proved in § 20. 

8 Transactions of the American Mathematical Society, vol. 1 (1900), pp. 499-506. 
® Acta Mathematica, vol. 1v, pp. 197-200; see also his Cours @ Analyse, t, 1 
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(ii) Cauchy’s proof has already been described. 


(ii) Riemann’s proof” consists in transforming 


[(Pae— Qdy) +7 [(Qde+ Pdy) 
into a double integral, by using Stokes’ theorem. 


(iv) Moore’s proof consists in assuming that the integral taken 
round the sides of a square is not zero, but has modulus 1; the square 
is divided into four equal squares, and the modulus of the integral 
along at least one of these must be >4; the process of subdividing 
squares 1s continued, giving rise to at least one limiting point ¢ inside 
every square S, of a sequence such that the modulus of the integral 
along S, is not less than /4”. Assuming that /(z) has a derivate ‘at 
¢ it is proved that it is possible to find » such that, when v> 1, the 
modulus of the integral along S, is less than »/4”. This is the contra- 
diction needed to complete the proof of the theorem. The deduction 
of the theorem for a closed contour, not a square, may then be 
obtained by the methods given above in § 17. 

Finally, it should be mentioned that, although the use of Cauchy’s 
theorem may afford the simplest method of evaluating a definite 
integral, the result can always be obtained by other methods; thus 
a direct use of Cauchy’s theorem can always be avoided, if desired, 
by transforming the contour integral into a double integral as in 
Riemann’s proof. Further, Cauchy’s theorem cannot be employed to 


evaluate all definite integrals; thus ie e-* dx has not been evaluated 
0 
except by other methods. 


10 See the dissertation cited above. 
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